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US 2000-657042 
Antisense compds . , compns . and methods are provided for 
modulating the expression of glioma-assocd . oncogene-1. 
comprise antisense compds., particularly antisense 

oligonucleotides, targeted to nucleic acids encoding glioma-assocd. 
oncogene-1. Methods of using these compds. for modulation of 
glioma-assocd. oncogene-1 expression and for treatment of diseases 
assocd. 

with expression of glioma-assocd. oncogene-1 are provided. 
Pharmaceutical 

compns. for treatment of cancers assocd. with the central nervous system, 
skin and musculoskeletal system are provided. 

THERE ARE 15 CITED REFERENCES AVAILABLE FOR 



REFERENCE COUNT 
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FORMAT 
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RECORD. ALL CITATIONS AVAILABLE IN THE RE 
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Genomic DNA sequences of ashbya gossypii and uses 
thereof 

Philippsen, Peter, Riehen, Switzerland 

Pohlmann, Rainer, Lorrach, Germany, Federal Republic 
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CAS INDEXING IS AVAILABLE FOR THIS PATENT. 

AB The present invention relates to the terminal sequencing of random 

genomic fragments performed with the filamentous fungus A. gossypii, to 
the sequences obtained therewith and the use of the sequences for 
forensic identification, to characterize genes and gene organization of 
this ascomycete by inter-genomic comparison, to identify biosynthetic 



the 



genes that can be used as selection markers, to isolate promotors and 
terminators for applj^tion in a homologous as well asjieterologous 
context, to find put^Hrve centromere containing clone^Bfcchromosome 

mapping, chromosome identifying, general information aBout chromosome 
organization and in addition to identify ORF containing SRS sequences 
with no homology to S. cerevisiae or any other organism which allows 



identification of A. gossypii specific genes. 
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10 Drawing Figure (s); 6 Drawing Page(s) 
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INDEXING IS AVAILABLE FOR THIS PATENT. 

Farnesyl pyrophosphate, the metabolically active form of farnesol, 
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FILE SEGMENT: 
PRIMARY EXAMINER: 
LEGAL REPRESENTATIVE 

NUMBER OF CLAIMS: 
EXEMPLARY CLAIM: 
NUMBER OF DRAWINGS: 
LINE COUNT: 
CAS 
AB 



13 



E., 



is a 



and 



key precursor in the synthesis of cholesterol, carotenoids, steroid 
hormones, bile acids and other molecules involved in cellular growth 



metabolism. A nuclear receptor has been identified that is 
transcriptionally activated by farnesol and related molecules. This 
novel signaling pathway can be modulated by the use of key metabolic 
intermediates (or analogs and/or derivatives thereof) as 
transcriptional 

regulatory signals. 

CAS INDEXING IS AVAILABLE FOR THIS PATENT. 
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NUMBER OF CLAIMS: 10 
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LINE COUNT: 1023 

CAS INDEXING IS AVAILABLE FOR THIS PATENT. 

AB Farnesyl pyrophosphate, the metabolically active form of farnesol, is 

key precursor in the synthesis of cholesterol, carotenoids, steroid 
hormones, bile acids and other molecules involved in cellular growth 

and 

metabolism. A nuclear receptor has been identified that is 
transcriptionally activated by farnesol and related molecules. This 
novel signaling pathway can be modulated by the use of key metabolic 
intermediates (or analogs and/or derivatives thereof) as 
transcriptional 

regulatory signals. 

CAS INDEXING IS AVAILABLE FOR THIS PATENT. 
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CAS INDEXING IS AVAILABLE FOR THIS PATENT. 

AB Antisense oligonucleotides and composition of oligonucleotides 

are taught which inhibit the proliferation of cells without affecting 

cell viability. p53 antisense oligonucleotides are shown to 

inhibit the proliferation of tissue culture cells expressing this gene. 

Methods of treating a patient with such antisense 

oligonucleotides is described. 

CAS INDEXING IS AVAILABLE FOR THIS PATENT. 
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REFERENCE COUNT: 15 THERE ARE 15 CITED REFERENCES AVAILABLE FOR 

THIS 

RECORD. ALL CITATIONS AVAILABLE IN THE RE 

FORMAT 

TI Antisense oligonucleotides to glioma- 

associated oncogene- 1 and their use in diagnosis and 

treatment of cancer 
AB Antisense compds., compns . and methods are provided for 

modulating the expression of glioma-assocd. oncogene-1. The compns. 

comprise antisense compds., particularly antisense 

oligonucleotides, targeted to nucleic acids encoding glioma-assocd. 
oncogene-1. Methods of using these compds. for modulation of 
glioma-assocd. oncogene-1 expression and for treatment of diseases 
assocd . 

with expression of glioma-assocd. oncogene-1 are provided. 
Pharmaceutical 

compns. for treatment of cancers assocd. with the central nervous system, 

skin and musculoskeletal system are provided. 
ST antisense DNA glioma assocd oncogene 1 diagnosis treatment 

cancer 
IT Oligonucleotides 

Phosphorothioate oligonucleotides 

RL: PRP (Properties); THU (Therapeutic use); BIOL (Biological study); 
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(2 1 -O-methoxyethyl sugar or 5-methylcytosine in; antisense 
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diagnosis and treatment of cancer) 
Neoplasm * 

(antisense oligonucleotides to glioma-assocd. oncogene-1 and 
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CAS INDEXING IS AVAILABLE FOR THIS PATENT. 
DETD 1.) Generation of antisense transcripts. 



DETD 
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mating-type switching; mutant 

cells die if mating-type switching is 
attempted, mutants are unable to repair 
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DETD In situ hybridization/histochemistry was performed to further localize 
sites of FAR expression. Antisense cRNA probes from truncated 
mouse FAR cDNA or full-length mouse RXR.beta. cDNA were used. The 
control was a truncated rat. 

700 markers including the Chr 10 markers Pfp (pore forming 
protein) , Tral (tumor rejection antigen gp96) , Ifg (interferon 
), 

Gli (glioma associated oncogene) and 

Gadl-psl (glutamic acid decarboxylase 1 pseudogene) . 
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CAS INDEXING IS AVAILABLE FOR THIS PATENT. 

DETD In situ hybridization/histochemistry was performed to further localize 
sites of FAR expression. Antisense cRNA probes from truncated 
mouse FAR cDNA or full-length mouse RXR.beta. cDNA were used. The 
control was a truncated rat. 

DETD . . . 700 markers including the Chr 10 markers Pfp (pore forming 
protein), Tral (tumor rejection antigen gp96) , Ifg (interferon 

. gamma . ) , 

Gli (glioma associated oncogene) and 

Gadl-psl (glutamic acid decarboxylase 1 pseudogene) . 
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SUMM 



and 



SUMM 



SUMM 



Antisense oligonucleotides to p53 

Antisense oligonucleotides and composition of oligonucleotides 
are taught which inhibit the proliferation of cells without affecting 
cell viability. p53 antisense oligonucleotides are shown to 
inhibit the proliferation of tissue culture cells expressing this gene. 
Methods of treating a patient with such antisense 
oligonucleotides is described. 

Very recent studies involving the use of antisense 
oligonucleotides for treatment of cancer have been reviewed by Stein 

Cohen, Cancer Res. 48:2659 (1988). Several types of antisense 
molecules have been screened for their ability to inhibit the synthesis 
of particular proteins using both intact cells and in. 

causing genes. They give blocking of NF-kB binding to HIV 
enhancer as an example. The use of retroviral vectors carrying 
antisense oncogenes for the treatment of cancer is known. 

In the case of cancer, contemplated therapy involving antisense 
expression vector ODNs have been directed to oncogenes in accordance 



with the oncogene/anti-oncogene cancer model, or to growth factors 
expressed. 

SUMM effective d^|unt of a composition selected the group 

consisting of an expression vector, a double stranded^ODN, and an 
antisense ODN. Said composition must be capable of regulating 
expression of a TR. Said TR is expressed by the AP cells. 
SUMM . . . said individual an effective amount of a composition selected 
from the group consisting of a double stranded ODN and an 
antisense ODN. The composition is capable of regulating 

expression of a TR. The TR is expressed by therapeutically relevant 
cells and. 

SUMM . . . embodiment of this invention. This method involves removing 
and 

culturing AP disease cells from an AP disease patient with an 
antisense ODN specific to a TR from the relevant subset of TRs 
expressed by AP cells from an AP patient or. 
SUMM . . . but not in tissue where side effects are produced by 
destruction of said RNA. Exemplary is the use of an antisense 
ODN directed to cyclooxygenase RNA that selectively binds to and 
destroys said RNA in hematopoietic tissue while avoiding said RNA. 

DETD The present inventor has found that antisense p53 

oligonucleotides can inhibit the proliferation, including the blocking 
of stem cell self-renewal, and ultimately kill primary human leukemic 
blasts. . . interpretation) that the inhibition of a single gene or 
set of genes coding for proteins involved in this process by 

antisense oligonucleotides is sufficient to change the impact of 

the informational molecules so a change in cellular programming such as 
cellular. . . genes" is used herein to describe those genes in AP 
cells that may be suitable for targeting for inhibition with 

antisense molecules in accordance with the present invention 

Suitable target or traitor genes may themselves either be functionally 
abnormal or be. 

DETD ... of factors, including the type of cancerous cells present in 

the marrow, the type, and the specificity of the particular 
antisense oligonucleotide (s) selected, and the relative toxicity 

of the oligonucleotide for normal cells. Although the present inventor 

has observed significant AP. 
DETD a) Antisense oligonucleotides (Zon, Pharmaceut . Res., 5, 539, 

1988). 

DETD Design of "test" antisense oligonucleotides 

DETD . . . Using a computer program such as "Oligo" (Rychik and Rhoads, 
Nucl. Acids Res., 17., 8543, 1989) select a set of antisense 
oligonucleotides that bind to the RNA target of choice that have the 
following characteristics: (1) . length between 10 and 35. 

DETD ii) Using a reference such as Genbank ensure that the antisense 

oligonucleotide has .ltoreq.85% homology with the RNA transcripts of 
other genes. An exception to this is where an antisense 

oligonucleotide is selected on the basis of its ability to bind to more 

than one member of a transcriptional regulator. 
DETD b) Establishment of "prototype therapeutic" antisense 

oligonucleotide from a set of test antisense oligonucleotides. 

These prototype compounds will be used in the reduction to practice. 
DETD i) Synthesize test antisense oligonucleotides using standard 

procedures, for example, those for producing phosphorothioates (Vu et 

al, Tetrahedron Lett, 32, 3005, 1991) . 
DETD ii) Using assays for transcriptional regulators or their direct 

modifiers select prototype therapeutic antisense 

oligonucleotides out of the set of test compounds on the basis of 
shutting down expression of the target gene in. 

DETD ... be constructed and tested using standard methods. (Ausubel et 
al, supra) Alternatively, the viral vector will carry a sufficiently 
long antisense sequence to such a regulator or modifier to 
provide for the blocking of expression of the target gene in the. 

DETD i) can be achieved by the use of antisense oligonucleotides 

directed to the RNA of a particular transcriptional regulator or direct 



modulator or double-stranded oligonucleotide ligands for DNA binding. 



DETD Using prototype antisense oligonucleotide ( s ) or 

double-stranded oligonucleotides block function of specific 
transcriptional regulator (s) in aberrantly programmed cells or normal 
cells to be therapeutically manipulated through rep rog ramming . 
Alternatively use an antisense oligonucleotide directed to a 
direct modifier of a transcriptional regulator. 

DETD ii) Using expression vector carrying antisense DNA directed to 

a particular transcriptional regulator or a direct modifier of a 
transcriptional regulator, install the new gene in aberrantly 

programmed 

cells. The therapeutic effect will be determined in advance through the 
use of an antisense oligonucleotide. 
DETD a) Antisense oligonucleotides 

DETD FIG. 1 demonstrates that there are cell type specific differences in 
effects of particular antisense oligonucleotides targeted to 
different sites on specific RNA transcripts on cell behavior. Such 
differences can be used to select antisense oligonucleotides 
that produce the desired therapeutic effects with minimal undesirable 
side effects. 

DETD A set of four different phosphorothioate antisense 

oligonucleotides directed to p53. RNA were prepared using an Applied 

Biosystems, Inc. (ABI ) DNA synthesizer (Model 380B) according to the 

manufacturer's protocols. An antisense oligonucleotide against 

the HIV rev gene was used as a negative control. The sequences are set 

forth in the Sequence. . . normal adult human gastrointestinal 

epithelium, normal human fetal gastrointestinal epithelium and Rhesus 

monkey T-lymphocytes . Destruction of p53 RNA by the antisense 

p53 oligonucleotides was documented using PCR and/or dot blotting. 

DETD The following effects of the antisense p53 oligonucleotides on 
cellular programming were evident from the results found. 

DETD 3) The data also demonstrates that there are cell type specific 
differences in responses to antisense oligonucleotides 
targeted to different sites on RNA transcripts of the same gene (FIG. 
1) . This provides a basis for optimizing. 

DETD 4) These results support the general principle that antisense 

oligonucleotides directed to transcriptional regulator can be used to 
expand particular normal adult or fetal tissues vitro that could then. 

DETD 5) The cell type dependency of the effects of particular 
antisense oligonucleotides directed to a transcriptional 

regulator support the cellular program model in general and the 

aberrant 

program model in particular. 

DETD The ability of the antisense p53 oligonucleotides to recognize 

the p53 RNA of Rhesus monkeys was demonstrated by showing a similar 
inhibitory effect on mature. 

DETD Two Rhesus monkeys weighing 8.9 kg and 6.8 kg were infused with 52.5 mg 
and 75.8 mg of the OL(l)p53 antisense oligonucleotide (SEQ ID 
NO: 4) which was radiolabelled over four hours. In keeping with rodent 
data, tissue distribution analysis showed substantial. 

DETD Since no unacceptable side effects were produced in the monkeys, it has 
not been necessary to modify the antisense oligonucleotides. 

DETD The antisense oligonucleotide selected for practice of the 

invention may be any of the types described by Stein and Cohen, Cancer 
Research. . . unmodified oligodeoxynucleotides, ethyl- or 
methyl-phosphonate modified oligodeoxynucleotides, phosphorothioate 
modified oligonucleotides, dithioates, as well as other oligonucleotide 
analogs, including those incorporating ribozyme structures, 
and oligoribonucleotides such as those described by Inove et al . , 
Nucleic Acids Res. 5:6131 (1987); and Chimeric oligonucleotides that. 

. RNA, DNA analogues (Inove, et al, FEBS Lett. 115:327 (1987). 
Oligonucleotides having a lipophilic backbone, for example, 



methylphosphonate analogs with ribozyme structures, may prove 
advantageous in cert circumstances; these molecules^aay have a 

longer 

half-life in vivo since the lipophilic structure may reduce the rate of 
renal clearance while the ribozyme structure promotes cleavage 
of the target RNA. Gerlach, Nature 334:585 (1988). 
DETD In addition to the antisense oligonucleotide compounds, the 

pharmaceutical compositions of the invention may contain any of a 

number 

of suitable excipients and auxiliaries which. 
DETD . . . the essential nature of the model of clinical cancer given in 
the patent application and the basic rationale for using 
antisense oligonucleotides directed against the indicated target 

or traitor genes as therapeutic agents. It should be clear that this is 
a. 

DETD II. ANALOGY WITH ANTISENSE OLIGONUCLEOTIDE TREATMENT STRATEGY 
DETD . . . will kill low grade 1 and 2 and high grade 1, but it also 
kills 

normal cell type 1. So antisense inhibition of "a" might be 

useful for purging bone marrow of malignant cell type 1 or 2 but not 

for. 

DETD . . . liver, astocytes 

3723, 1990. 
GLI-1-3 GLI embryonal carcinoma, 

Ruppert, et al., Mol . 

myometrium testis, 

Cell. Biol. 8, 3104, 
placenta 1988. 
HKR1-4 HKR testis, placenta, 

Ruppert, et al . , Mol. 

kidney, colon, lung, 

Cell. Biol. 8, 3104, 
brain, embryonal 

1988. 

carcinoma 

HOX . 
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18D, Clay Center, NE 68933-0166, USA. 
ANIMAL GENETICS, (2001 Dec) 32 (6) 375-9. 
Journal code: 8605704. ISSN: 0268-9146. 
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Journal; Article; (JOURNAL ARTICLE) 
English 

Priority Journals 
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Entered STN: 20011213 
Last Updated on STN: 20020215 
Entered Medline: 20020214 
Swine chromosome 18 (SSC18) has the poorest marker density in the 
USDA-MARC porcine linkage map. In order to increase the marker density, 
seven genes from human chromosome 7 (HSA7) expected to map to SSC18 were 
selected for marker development. The genes selected were: growth hormone 
releasing hormone receptor (GHRHR) , GLI-Kruppel 
family member (GLI3) , leptin (LEP) , capping protein 

muscle Z-line alpha 2 subunit (CAPZA2), beta A inhibin ( INHBA) , T-cell 
receptor beta (TCRB) and T-cell receptor gamma (TCRG) . Large-insert 
clones 

(YACs, BACs and cosmids) that contained these genes, as well as two 
previously mapped microsatellite markers (SW1808 and SW1984), were 
identified and screened for microsatellites . New microsatellite markers 
were developed from these clones and mapped. Selected clones were also 
physically assigned by fluorescence in situ hybridization (FISH) . Fifteen 
new microsatellite markers were added to the SSC18 linkage map resulting 
in a map of 28 markers. Six genes have been included into the genetic map 
improving the resolution of the SSC18 and HSA7 comparative map. 
Assignment 

of TCRG to SSC9 has identified a break in conserved synteny between SSC18 
and HSA7 . 
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Variations in mRNA transcript levels of cell 

wall-associated genes of Saccharomyces cerevisiae 

spheroplasting . 
Braley R; Chaffin W L 

Department of Microbiology and Immunology, Texas Tech 
University Health Sciences Center, Lubbock, TX 79430, 



USA. 
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SOURCE : 
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AI23416 (NIAID) 

FEMS MICROBIOLOGY LETTERS, (1999 Dec 1) 181 (1) 177-85. 
Journal code: FML; 7705721. ISSN: 0378-1097. 
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Journal; Article; (JOURNAL ARTICLE) 
English 

Priority Journals 
200002 

Entered STN: 20000209 
Last Updated on STN: 20000209 
Entered Medline: 20000203 
mRNA transcript levels of 38 genes from Saccharomyces cerevisiae were 
investigated during attempted spheroplast regeneration. Many of the genes 
selected are involved in cell wall biosynthesis. Spheroplasts did not 
regenerate into osmotically competent cells during the experiment. 
However, at a mRNA level, the quantities of transcripts were altered 
between the experimental and control populations. KRE11, EGT2 and MSS10 
had their transcript levels increased by more than 10-fold during 
attempted spheroplast regeneration. A further six genes, FLOl, TIR1, 
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HKR1, YGR189 and MUC1, showed transcript level increases of at 
least 5-fold. Five gen^^ showed a change in transcript ^^els from an 
undetectable level to ^^etectable level: SKT5, KRE1, ]A, SEC53 and 
DHS1. PMT2 showed a rapid decrease in mRNA levels followed by an increase 
to the basal level. Thus, cell stress genes, biosynthetic genes and some 
glycosylphosphatidylinositol-anchored cell wall proteins have their 
transcript levels increased in regenerating spheroplasts, but their 
transcription was not sufficient to initiate the replacement of the cell 
wall in liquid medium. 
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Genetic analysis of mutant clones of Chlamydomonas 
reinhardtii defective in potassium transport. 
Polley L D 

Wabash College, Department of Biology Crawf ordsville, IN 
47933, USA. 

MOLECULAR AND GENERAL GENETICS, (1999 Mar) 261 (2) 275-80. 
Journal code: NGP; 0125036. ISSN: 0026-8925. 
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Journal; Article; (JOURNAL ARTICLE) 
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199904 

Entered STN: 19990511 
Last Updated on STN: 19990511 
Entered Medline: 19990426 
Mutant clones of Chlamydomonas reinhardtii defective for potassium 
transport were isolated and characterized. Of the four genes identified, 
three - TRKl, TRK2 and TRK3 encode high-affinity transport functions, and 
one gene, HKR1, encodes a low-affinity transport function. 
Characterization of the potassium dependence of recombinants possessing 
two mutant trk alleles suggests that the protein products of TRK2 and 
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on 



interact functionally, and that TRKl may serve a regulatory function. The 
mutant clone defective for a low-affinity potassium transporter was 
isolated by mutagenizing trk2-l cells, which lack a functional 
high-affinity transporter, and screening surviving cells for dependence 

very high potassium concentrations. The hkrl phenotype is 
expressed only in the presence of trk2-l. 
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The Kruppel-type zinc finger family gene, HKR1, 
is induced in lung cancer by exposure to platinum drugs. 
Oguri T; Katoh 0; Takahashi T; Isobe T; Kuramoto K; Hirata 
S; Yamakido M; Watanabe H 

Second Department of Internal Medicine, Hiroshima 

University School of Medicine, Kasumi 1-2-3, Minami-ku, 

Hiroshima 734-8551, Japan. 

GENE, (1998 Nov 5) 222 (1) 61-7. 

Journal code: FOP; 7706761. ISSN: 0378-1119. 
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Journal; Article; (JOURNAL ARTICLE) 
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199901 

Entered STN: 19990202 

Last Updated on STN: 19990202 

Entered Medline: 19990115 

the molecular mechanism associated with the signaling 
tinum drug administration, we focused on the C2H2-type zinc 
ranscription factor gene family. Here we show cloning of a 



Kruppel-type ZNF gene, HKR1, which contains Kruppel-associated 
box (KRAB) domain and motifs. We found that mRNA ex^^ssion of the 

. HKR1 gene was induced JPlung-cancer cell lines by expol^Be to 

cisplatin using Northern blot analysis. Moreover, we also found that 

HKR1 mRNA expression levels in lung cancers were higher than those 

in normal lung tissues, and that high expression levels in lung cancers 

were associated with antemortem platinum drug administration. These 

results suggest that HKR1 may be associated with the regulation 

of a signaling pathway involved in the progression of lung cancer or the 

acquisition of resistance to platinum drugs. 
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AB We previously isolated the Saccharomyces cerevisiae HKR1 gene 

that confers on S. cerevisiae cells resistance to HM-1 killer toxin 
secreted by Hansenula mrakii (S. Kasahara, H. Yamada, T. Mio, Y. 
Shiratori, C. Miyamoto, T. Yabe, T. Nakajima, E. Ichishima, and Y. 
Furuichi, J. Bacteriol . 176:1488-1499, 1994). HKR1 encodes a 
type 1 membrane protein that contains a calcium-binding consensus 

sequence 

(EF hand motif) in the cytoplasmic domain. Although the null mutation of 
HKR1 is lethal, disruption of the 3' part of the coding region, 
which would result in deletion of the cytoplasmic domain of Hkrlp, did 

not 

affect the viability of yeast cells. This partial disruption of 
HKR1 significantly reduced beta-1 , 3-glucan synthase activity and 
the amount of beta-1, 3-glucan in the cell wall and altered the axial 
budding pattern of haploid cells. Neither chitin synthase activity nor 
chitin content was significantly affected in the cells harboring the 
partially disrupted HKR1 allele. Immunofluorescence microscopy 
with an antibody raised against Hkrlp expressed in Escherichia coli 
revealed that Hkrlp was predominantly localized on the cell surface. The 
cell surface localization of Hkrlp required the N-terminal signal 
sequence 

because the C-terminal half of Hkrlp was detected uniformly in the cells. 
These results demonstrate that HKR1 encodes a cell surface 
protein that regulates both cell wall beta-glucan synthesis and budding 
pattern and suggest that bud site assembly is somehow related to 
beta-glucan synthesis in S. cerevisiae. 
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T; Nakajima T; Ichishima E; Furuichi Y 

Departmj^: of Applied Biological Chemistj^, Faculty of 
AgricuJ^Pre, Tohoku University, Sendai, B)an. 
JOURNAL OF BACTERIOLOGY, (1994 Mar) 176 (5) 1488-99. 
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Entered Medline: 19940330 
A gene whose overexpression can endow Saccharomyces cerevisiae cells with 
resistance to HM-1 killer toxin was cloned from an S. cerevisiae genomic 
library. This gene, designated HKR1 (Hansenula mrakii killer 
toxin-resistant gene 1), contains a 5.4-kb open reading frame. The 
predicted amino acid sequence of the protein specified by HKR1 
indicates that the protein consists of 1,802 amino acids and is very rich 
in serine and threonine, which could serve as O-glycosylation sites. The 
protein also contains two hydrophobic domains at the N-terminal end and 



the C-terminal half, which could function as a signal peptide and 
transmembrane domain, respectively. Hkrlp is found to contain an EF hand 
motif of the calcium-binding consensus sequence in the C-terminal 
cytoplasmic domain. Thus, Hkrlp is expected to be a calcium-binding, 
glycosylated type I membrane protein. Southern and Northern (RNA) 
analyses 

demonstrated that there is a single copy of the HKR1 gene in the 
S. cerevisiae genome, and the transcriptional level of HKR1 is 
extremely low. Gene disruption followed by tetrad analysis showed that 
HKR1 is an essential gene. Overexpression of the truncated 
HKR1 encoding the C-terminal half of Hkrlp made the cells more 
resistant to HM-1 killer toxin than the full-length HKR1 did, 
demonstrating that the C-terminal half of Hkrlp is essential for 
overcoming the effect of HM-1 killer toxin. Furthermore, overexpression 



of 



HKR1 increased the beta-glucan content in the cell wall without 
affecting in vitro beta-glucan synthase activity, suggesting that 
HKR1 regulates beta-glucan synthesis in vivo. 
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A molecular genetic linkage map of mouse chromosome 7. 
Saunders A M; Seldin M F 

Department of Medicine, Duke University Medical Center, 
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GENOMICS, (1990 Nov) 8 (3) 525-35. 
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Priority Journals 
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The homology between mouse chromosome 7 and human chromosomes 11, 15, and 
19 was examined using interspecific backcross animals derived from mating 
C3H/HeJ-gld/gld and Mus spretus mice. In an earlier study, we reported on 
the linkage relationships of 16 loci on mouse chromosome 7 and the 
homologous relationship between this chromosome and the myotonic j 
dystrophy 
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gene region on human chromosome 19. Segregation analyses were used to 
extend the gene linkacr^^relationships on mouse chromoso|^L 7 by an 
. additional 21 loci. Se^^ of these genes (Cyp2a, D19F11^^, Myod-1, 
Otf-2, 

Rnulp70, Rnu2pa, and Xrcc-1) were previously unmapped in the mouse. 
Several potential mouse chromosome 7 genes (Mel, Hkr-1 
, lcam-1, Pvs) did not segregate with chromosome 7 markers, and 
provisional chromosomal assignments were made. This study establishes a 
detailed molecular genetic linkage map of mouse chromosome 7 that will be 
useful as a framework for determining linkage relationships of additional 
molecular markers and for identifying homologous disease genes in mice 



and 



humans . 
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Expression analysis of zinc finger protein 
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Institute of Genetics, School of Life Sciences, Fudan 
University, Shanghai, 200433, Peop. Rep. China 
Fudan Xuebao, Ziran Kexueban (2000), 39(6), 692-694 
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Journal 
Chinese 

The cDNA of HKR1 (Human kruppel-related gene 1) has been cloned 
from a human fetal brain cDNA library with 2612 nt . It is indicated that 
HKR1 contains 10 highly conserved C2H2-type zinc finger motifs at 
the C-terminus and 2 KRAB (Kruppel-assocd. box) domains at the 
N-terminus . 

It has been found that the expression of HKR1 is higher in 

neuroglioma than those in normal brain tissue with cDNA microarray and in 

situ hybridization. The results suggest HKR 1 might 

be a putative cancer-assocd . gene. 
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AB Previous characterization of GLI, a gene found to be amplified and 

expressed in a subset of human brain tumors, revealed the presence of 

five 

tandem zinc fingers related to those of Krueppel (Kr) , a Drosophila 
segmentation gene of the gap class. The GLI cDNA was used as a mol . 

probe 

to isolate related sequences from the human genome. Partial 
characterization of six related loci, including sequence detn., 
expression 

studies, and chromosome localization, revealed that each locus could 
encode a sep. finger protein. The predicted proteins all had similar 
links, i.e., a conserved stretch of 9 amino acids connecting the 
C-terminal histidine of one finger to the N-terminal cysteine of the 
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next . 



On the basis of amino acid sequence and intron-exon organization, the 
genes could be placed into one of two subgroups: the GLI subgroup (with 
the consensus finger amino acid sequence [ Y/F] XCX3GCX3 [ F/Y] X5LX2HX3- 
4H[T/S]GEKP) or the Kr subgroup (with the consensus finger amino acid 
sequence [ Y/F] XCX2CX3FX5LX2HXRXHTGEKP) . Unlike GLI or Kr, most of the 
newly isolated genes were expressed in many adult tissues. The predicted 
proteins probably control the expression of other genes and, by analogy 
with Kr and GLI, may be important in human development, tissue-specific 
differentiation, or neoplasia. 
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AB In a field trial on sandy loam soil at Hisar, five rice varieties (Jaya, 
HKR 101, Pusa 2-21, PAL 579 and HKR-1) were tested 

under two irrigation variants viz., continuous submergence (5 +- 2 cm) 



and 
in 



alternate wetting and drying (hair cracking) . Treatments were evaluated 



terms of changes in leaf water potential, stomatal conductance, radiation 
characteristics and grain and straw yield. Continuous submergence 
maintained higher leaf water potential, stomatal conductance, absorption 
coefficient, grain and straw yield than alternate wetting and drying 
irrigation schedule. Among the rice varieties, Jaya and HKR-101 being at 
par recorded significantly higher grain and straw yield as compared to 
other varieties. Leaf water potential and absorption coefficient showed 
significantly linear and positive relationship with grain yield, whereas 
the transmission coefficient showed significant but negative association 
with grain yield. Thus, the mid day leaf water potential, stomatal 
conductance and photosynthetically active radiation can be used for 
studying the effect of irrigation conditions in transplanted rice in 

north 

India . 
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AB The cDNA of HKRl (Human kruppel-related 

gene 1) has been cloned from a human fetal brain cDNA 
library with 2612 nt. It is indicated that HKRl contains 10 highly 
conserved C2H2-type zinc finger motifs at the C-terminus and 2 KRAB 
(Kruppel-assocd. box) domains at the N-terrninus. It has been found that 
the expression of HKRl is higher in neuroglioma than those in normal 

brain 

tissue with cDNA microarray and in situ hybridization. The results 
suggest HKR 1 might be a putative cancer-assocd . gene. 
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Previous characterization of GLI, a gene found to be amplified and expressed in a subset of human brain 
tumors, revealed the presence of five tandem zinc fingers related to those of Kruppel (Kr) y a Drosophila 
segmentation gene of the gap class. We have used the GU cDNA as a molecular probe to isolate related 
sequences from the human genome. Partial characterization of six related loci, including sequence determi- 
nation, expression studies, and chromosome localization, revealed that each locus could encode a separate 
finger protein. The predicted proteins all had similar H-C links, i.e., a conserved stretch of 9 amino acids 
connecting the C-terminal histidine of one finger to the N-terminal cysteine of the next. On the basis of amino 
acid sequence and intron-exon organization, the genes could be placed into one of two subgroups: the GU 
subgroup (with the consensus finger amino acid sequence [Y/FJXCXaGCXjtF/YJXsLXjHX^HfT/SJGEKP) or 
the Kr subgroup (with the consensus finger amino acid sequence [Y/F]XCX 2 CX 3 FX S LX 2 HXRXHTGEKP). 
Unlike GU or Kr, most of the newly isolated genes were expressed in many adult tissues. The predicted proteins 
probably control the expression of other genes and, by analogy with Kr and GU, may be important in human 
development, tissue-specific differentiation, or neoplasia. 



One of the principal objectives of molecular biology is to 
gain an understanding of mechanisms resulting in specific 
temporal and spacial patterns of gene expression. Among the 
proteins important in this regard are those containing distinct 
DNA-binding regions. In Drosophila melanogaster, two 
classes of such proteins have been identified, containing 
either homeo box regions or zinc fingers in their putative 
DNA-binding domains. Homeo box regions were first de- 
tected in the antennapedia and fushi tarazu genes and have 
subsequently been identified in other Drosophila develop- 
mental genes (19). The homeo box elements are conserved in 
genes of a diverse array of species, and recent experiments 
have indicated a role for such proteins in mammalian em- 
bryonic development (for a review, see reference 20). 

Zinc fingers were first identified in the Xenopus transcrip- 
tion factor TFIIIA (6, 37). Such fingers have been proposed 
to bind specific nucleic acid sequences while tetrahedrally 
coordinating a metal ion (zinc) via conserved cysteine and 
histidine residues (23. 37). Zinc fingers have been found in 
many regulatory genes (2, 16, 32, 58, 62). A family of zinc 
finger genes related to Kruppel {Kr) is particularly relevant 
to the present work. The Drosophila gene Kr is a member of 
the gap class of segmentation genes, and thoracic and 
anterior abdominal segments fail to form in Kr mutant 
embryos (44). Kr encodes a chromatin-associated phospho- 
protein (41) which contains five zinc fingers with the consen- 
sus sequence (Y/F)XCX 2 CX 3 FX 5 LX 2 HX 3 HTGEKP, in 
which X can be any amino acid (46). These consensus 
features, including the H-C link (the amino acid sequence 
HTGEKP(Y/F)XC connecting the histidine of one finger to 
the cysteine of the next), define the Kruppel family of zinc 
finger genes (49). Conservation of the contiguous stretch of 
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nucleotides encoding the H-C link has allowed cloning of 
Kruppel-related genes from D. melanogaster, mouse, and 
frog by hybridization with Kruppel cDNA at low stringency 
(10, 47, 49). Each of these Kruppel family members has been 
shown to be expressed in embryonic cells, suggesting a role 
for them in normal development. 

Our interest in this family of genes was sparked by the 
identification of the GU gene as a member of the Kruppel 
family (31). The GLI gene was discovered by virtue of its 
amplification in a subset of human brain tumors (30). Se- 
quencing of GLI cDNA clones revealed the presence of five 
tandem fingers connected by H-C links similar to those of 
Kruppel. The fact that a structural motif proposed to medi- 
ate sequence-specific nucleic acid binding is found both in 
Drosophila developmental genes and in a gene implicated in 
human neoplasia suggested that other genes of this class 
might prove important in normal or disease states. Indeed, 
other genes important in neoplasia, such as N-NYC (33, 50), 
L-MYC (38), HER-2 (12, 29), and N-RAS (54), were identi- 
fied partly through their homology to previously identified 
oncogenes. Similarly, genes of potential importance in de- 
velopment have been identified through sequence similarity 
to known developmental genes (e.g., the HOX family of 
genes in mammals; 11, 34, 35). We have therefore used a 
GU cDNA fragment which encodes the finger region to 
isolate related human sequences. Six distinct loci were 
identified in this manner and shown to be present on five 
different chromosomes. Partial sequencing revealed that 
each had open reading frames capable of encoding fingers 
with H-C links. Unlike Kruppel family genes previously 
identified in other species, most of these sequences were 
expressed in several adult tissues. Further study of these 
genes may provide insights into transcriptional mechanisms, 
normal human development, and/or neoplasia. 
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MATERIALS AND METHODS 

Library construction. Genomic DNA was purified from 
mouse xenografts of the glioblastoma multiforme cell line 
D320MG (25a) as described previously (61). After partial 
Mbol digestion, DNA was size fractionated by sucrose 
density gradient ultracentrifugation. The fractions contain- 
ing 17- to 24-kilobase fragments were cloned into the BamYU 
site of Lambda Fix (Stratagene) after partial fill in of Mho] 
ends according to the instructions of the manufacturer. The 
ligation product was packaged with lambda phage extracts 
(Stratagene) and used to infect Escherichia coli C600 cells, 
DNA from the resulting plaques was lifted with Colony 
Plaque Screen nylon membrane (Dupont, NEN Research 
Products) and bound by treatment with 0.4 M NaOH for 15 
min (45). The filters were hybridized to a GLI finger probe 
(pGLlMBD) containing a 395-base-pair fragment of GLI 
cDNA spanning fingers 2 to 5 and containing nucleotides 873 
to 1267 (31). Three rounds of plaque selection via hybridiza- 
tion and subsequent replating were used before purified 
DNA from individual plaques was analyzed. 

DNA hybridization. After digestion with EcoRl or //mdlll, 
genomic or phage DNA fragments were separated by elec- 
trophoresis through 1% agarose gels and transferred to nylon 
as described (45). DNA was labeled with 32 P by oligo 
labeling (17) and hybridized as described (61), except that 
nonfat dried milk was used (0.5%) (26), and 10% polyethyl- 
ene glycol was included. For reduced-stringency experi- 
ments, Southern blots or plaque lifts were hybridized at 55°C 
and washed at 55 to 60°C in 0.3x SSC (ix SSC is 0.15 M 
NaCi plus 0.015 M sodium citrate) and 0.3% sodium dodecyl 
sulfate (SDS) for 1 h. For normal stringency, the same wash 
solution was used but at 65°C for 1 h. 

Plasmid subcloning. For isolation of subclones from 
recombinant bacteriophage, EcoRl, HindlM, or EcoKl-Sall 
fragments which hybridized to pGLIMBD were separated 
from other fragments by electrophoresis and eluted from the 
gel (60). (Safl sites are adjacent to the Bamlil cloning sites in 
Lambda Fix). Fragments were subcloned in alkaline phos- 
phatase-treated Bluescript M13 + KS vector (Stratagene). 
For isolation of finger-containing sequences in smaller frag- 
ments for sequencing, these plasmid subclones were di- 
gested with several restriction endonucleases which had 
4-bp recognition sites. The fragments were separated by 
electrophoresis in 1.5% agarose gels and studied by South- 
ern blot analysis by using the pGLIMBD probe. Hybridizing 
fragments were eluted from agarose gels, and the ends were 
filled in with the Klenow fragment of Poll. These blunt- 
ended fragments were ligated into the EcoRV site of Blue- 
script KS. Resulting clones were digested with EcoRl and 
Hindlll, and the inserts were recloned into the same sites of 
Bluescript SK for sequencing in the opposite direction. 

Thus, for each of the six loci indicated in Fig. 1, three sets 
of clones were generated: the original phage clone, a plasmid 
subclone with a large insert containing the finger region (Fig. 
1), and small subclones of these plasmids which contained 
the pGLIMBD hybridizing regions and which were used for 
sequencing (Table 1). Two phages contained sequences that 
hybridized to non-zinc finger regions of the GLI cDNA 
probe (see text). Subcloning and sequencing of these regions 
were done in the same way as described above for the finger 
regions. The large subclone of GLI2 which hybridized to the 
upstream probe of GLI contained the 1.0-kilobase EcoRl 
fragment located 7.6 kilobases to the left of pGLI2RR (Fig. 

Sequencing. Sequencing was performed by the chain ter- 



mination method with modified T7 polymerase (53). Single- 
strand templates were obtained from subclones in Bluescript 
by using fl helper phage R408 (48). Most sequences were 
obtained by using data from both strands. The labeling and 
electrophoresis conditions we employed precluded sequenc- 
ing of the terminal 10 to 15 bases at the end of each plasmid 
insert. 

Ribonuclease protection. Total RNA was isolated by the 
acid-guanidium extraction method described by Chom- 
czynski and Sacchi (9). 32 P-labeled RNA transcripts were 
generated in vitro from the sequencing subclones described 
above by using T3 or T7 RNA polymerase. Ribonuclease 
protection was performed as described (63) with the follow- 
ing modifications: hybridizations were performed in a final 
volume of 10 uJ; only RNase A at 12.5 p-g per ml was used; 
and the RNase A and proteinase K digestions were per- 
formed at room temperature for 30 min. Tera-1 cells (18) 
were obtained from the American Type Culture Collection. 
NTera-2 was generously provided by P. Andrews (1). 

Chromosome localization. Southern blot analysis of hu- 
man-rodent somatic cell hybrid DNA (8, 28, 39, 40) was 
performed by using inserts from the sequencing subclones 
described above. 

RESULTS 

Isolation of pL/-related sequences. To identify GL/-related 
sequences, a fragment of GLI cDNA encoding fingers two to 
five was subcloned (pGLIMBD) as described in Materials 
and Methods. Reduced stringency hybridization with this 
probe to Southern blots of human DNA revealed several 
bands not seen at normal stringency (not shown). To clone 
these sequences, 800,000 recombinant bacteriophage (4.5 
genome equivalents) from a human genomic library were 
screened by using the same reduced stringency conditions. 
Fourteen phages were identified through this screen. Anal- 
ysis of phage DNA revealed seven unique restriction maps. 
One set of clones represented the GLI locus, and the others 
represented six new loci. Comparison of the sizes of hybrid- 
izing fragments in the phage clones with those seen in 
genomic Southern blots revealed that most of the sequences 
detected in the Southern blots had been cloned. 

GL/-related sequences encoded fingers similar to GLI or Kr. 
Representative phages from each of the six loci defined by 
restriction mapping were chosen for further study (Fig. 1). 
For each of the loci, regions of the phage which hybridized 
to pGLIMBD were subcloned in plasmid vectors. Sequenc- 
ing of these subclones revealed open reading frames encod-. 
ing fingers with H-C links for each of the six loci (Fig. 2). No 
in-frame stop codons were found within the fingers. Intron- 
exon junctions were predicted adjacent to the finger regions 
on the basis of consensus splice sequences (51). 

Analysis of the predicted amino acid sequences showed 
that the clones could be placed into one of two subgroups. 
Two of the six loci (GLI2 and GLI3) encoded fingers that 
were very similar to those of GLI and MGLI (the mouse 
homolog of GLI). GLI2 and GLIB had 89% and 84% of their 
residues in common with GLI in the finger regions, respec- 
tively (Fig. 3 A). Over the 50-amino-acid region for which 
GLI, GH2, and GLI3 sequences were all available (i.e., 
from the middle of finger 1 to the amino terminus of finger 3), 
GLI2 and GLI3 were more similar to each other (92% amino 
acid identity) than either was to GLI (84% amino acid 
identity for each). 

Alignment of GU2. GLI3, and MGLI genomic sequences 
with the GLI cDNA sequence and identification of conscn- 
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FIG. 1. (7£7-related loci. Reduced- stringency hybridization of pGLlMBD to a X phage library allowed isolation of clones containing 
related sequences. Representative phage for each of the six new loci identified are shown. EcoRl (R) and 7/mdIll (H) recognition sites within 
the phages are illustrated. M indicates the Mbo\ site at the junction between human and phage sequences. Brackets below the maps indicate 
restriction fragments not ordered with respect to one another. Subcloned regions which hybridize to pGLIMBD are shown as open boxes (for 
plasmid names see Table 1). Hybridization of plasmid subclones to UNA from human-rodent hybrid panels was used to determine 
chromosome localizations of the six different loci (shown on the right). 



sus splice donor and acceptor sequences allowed prediction 
of intron-exon junctions. Each of the nine predicted intron- 
exon junction sequences examined showed that the positions 
of predicted splice junctions within the finger region, were 
exactly conserved (Fig. 3A). For both GLI2 and GLI3, the 
sequences predicted an exon extending from the middle of 
finger 1 to near the beginning of finger 3. For GLI2, the 
sequence predicted another exon extending from upstream 
of the middle of finger 3 (where the sequence was truncated 



during cloning) to the C-terminus of finger 4. The conserva- 
tion of intron-exon junctions and the conservation of amino 
acid sequences within individual fingers supported the hy- 
pothesis of a common evolutionary origin for this subgroup 
of genes (the GLI subgroup). 

The four other finger-related clones demonstrated amino 
acid and nucleotide similarity to GLI only in the H-C link 
and in the other consensus residues (i.e., C-C-F-L-H-H) 
found commonly in many finger proteins. The H-C link 



TABLE 1. Loci, phages, and clones used in this study 



Locus 




Large 


Phage 


plasmid 






subclone" 


GLI2 


XMBD2 


pGLI2RR 


GUI 


XMBD7 


PGLI2RS 


GLI3 


XMBD3 


PGL13HH 


HKRl 


XMBD1 


pHKRIRS 


HKR2 


XMBD4 


PHKR2HH 


HKR3 


XMBD6 


PHKR3HH 


HKR4 


XMBD9 


pHKR4RS 


HKR4 


XMBD9 


pHKR4RS 


GLI2 


XMBD2 


pGL12RR-2 


HKR3 


\MBD6 


P HKR3HH 



Sequencing plasmid subclone 



pGLI2RR-fls/NI-600 

pGLI2RS- Taq\-AHQ h 

pGL13HH-//«eIII-640* 

pHKRlRS-Zto/I-eSO* 

pHKR2HH-//mfl-325* 

pHKR3HH-Afyp 1-490* 

pHKR4RS-£.v/Nl-400 

pHKR4RS-toNl-450* 

pGL12RR-2-//£if HI-44<r 

PHKR3HH-HPX-550' 



a The plasmid subclone names include the genomic restriction fragment used as insert (H. tfmdlll; R. fcroRl; S, Sail : P. Pst\ , X. Xbu\) and. in the case of the 
small subclones used for sequencing, the size of the insert. Thus, the plasmid pGU2RR-fl.v/NI-600 refers to a plasmid subclone of pGLI2 RR (boxed in Fig. 1) 
containing a 600-bp B.stNl insert 

Subclone used for RN.isc protection, chromosome localization, and cross-species hybridization studies. 

*' Subclone isolated by hybridization with non-zinc finger regions of GU cDIMA (see Materials and Methods). 
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TKCAATATAGACGGTCACTTTGAGGACTGATTOyUAATGa 120 
^AWG€TGGTCTTGTTGGGTC*GTG6TCTGCGTATA^ 240 
AGGGCTGGGGGG6TGCCGGTGCAG6T6GTCAGCTGACA6CAG6GGGTGGTCTG7G6GCCTCTGGCTGCTTACCCTCTTCTGGGCATGT^ 360 

CACGGGGAGAA6AAG6AGTTTGTGTWCKTGGCA P H 

AAGTGCACgTtGAGTGGCCT TC TCCCCACCCCCGCCGCAGCATCAAGACTGGCCTGTC 538 
K C T 

AAGGCCTACTCCCGCCTG^GAACCTGAAGACACACCTGCGGTCCCACACCGGGGAGAAGCCATATGTGTGTGAGCACGAGGGC 120 
KAYSRLEMLKTHLRSHTGEKPYVCEHEGCHKAFSHASDRA 

AAGCACCAGAATCGCAC^CACTCCAAC6aStACCTCTGCGGG6CATGCACTGGGCATGCACACTGGGGCCCCACTGATGC 240 
KHQNRTHSME 

GGT6CCCttT6TCC£6€CCCCCGCCACTGACC*6CTATACATCCTCAGATACAG^ 360 
ATGCCCCGTGAG6TCCCATGGCATACTGACCCTaCTGTGCCTCAATTTCCTTATCTCaTAATAAATATAATAGTGCCCTCCC 464 



GLI3 GTGTACTGTAGTATATTTCCTGGMTGCCA66CTCCATCCCGGTCTTC "0 

6J^nTTTATAATCT6TAATATG6TAAA6TTATTCTT6TGGTCnTAGAATTTnAA6ATTGGGGTATTTTCTGCATTnCTTCTGTCGCCTTW 240 

AnTCTCTCTCTTnTCCAMCCCCAG^ATATAAATAACGACCATATTCATGGAGAGAAGAAGGAGTTCGTGTGCAGGTGGCTGGA^ 360 
HINNOHIHGEKKEFVCRWLDCSREQKPFKAQ 

TATATGnGGTAGT6CATATGAGAA6ACACACGGGC6AGMGCCTCACAAATGWC^T6AGTACAGAAGTGGGTGGCAGGCACACTTGG6TCCTTC^ 4*0 
YHLVVHHRRHTGEKPHKCT 

AACTGATGACACCAGC TCAGGGGAAGCG TGGTT GGGTGCCAAGAGAAGAGGACT AGAGTATTGTCTGGT GAT AAATGCCTCGGTGT T T GAGTGAC TGA6TTGGACAGCGC AGCTC TGCAC 600 

AGTGGCAAGGGGGCAGTGGTGGC TGGC AC TGG 632 



HKR1 ACTWGTGMGAGACAGCTTTGGaGTATGTCAGTCCTCATCAAAAACCCAAGGACACACTCTGGGGGAAAGCCTTATGTGTGCAGGGW^ 1 20 

TEWG0SFGSHSVLIPCNPRTHSGGKPYVCRECGR6FTWICSN 

CTGATCACACATCAGAGGACACACTCAGGGGAGAAACCTTATGTGTGCAAGGATTGTGGACGAGGCTTTACTTGGAA6TCGMCCTCTTT^^ 240 
LITHQRTHS6EICPYVCKOCGRGFTWKSNLFTHORTB5GLK 

CCTTATGTGTGCAAGGAATGTGGGCAGAGCTTTAGCCTGAAGTCAAACCTCATTACCCACCAGAGGGCGCACACTGGGGAGAAGCCTTATGTTTKAGGGM 360 
PYVCKECGQSFSLICSNLITHQRAHTGEKPVVCRECGRGFR 

CAGCATTCACACCTGGTCAGACACAAGAGGACACATTCAGGAGAGAAGCCTTACATTTGCAGGGAGTGTGAGCAAGKTn 480 
QHSHLVRHtCRTHSGEKPYICRECEQGFSQKSHLIRHLRTH 

ACAGGAGAGAAGCCTTAT6TATGCACAGAATGTGGGCGTWCTTTAGCTGGAMTCAAACCTCAAAACACACCAGAGGACACACTM 600 
TGEKPYVCTECGRHFSWKSMLIfTHQRTHSGVICPYVCLECG 

CAGTGCTTTAGCCTGAAGTCAAACCTTAACAAACACCA6AGGTCACACACGGGGGAGAAGCCATTTGTATGT 672 
QCFSLKSNLNKHQRSHTGEKPFVC 



KKR2 CCCAACAAAAGGAGACCCTGTACGTGCGAAGAGT6TGGCAAGGCCTTTGGACAGA6AAGTCACCTTGTTCAGCACACCAGT6AGMGCTGTATGCA 120 
PHKRRPCTCEECGKAFGOR5MLV0HTSEKLYACQECGCTF 

AGCAACAATTCATCTCTAGTCAAGCACTGGCACGTCCACACAGGCGAGAAGCCCTACAt6TGTGGCCACTGTGGCMGTGCTTCCGAGA6AG^ 240 
SMNSSLVKHUHVHTGEKPYNCGHCGKCFRESSSLAKHQRV 

CACACAGGTGAGAAGCCATACGTGTGTGGTGA6TGTGGACGCACCTTCA6CGAGAGCACACACCTTGTACAGCACTGGTG 320 
MTGEKPYVCGECGRTFSESTHLVQHW 



HKR3 nCCTGTGACTCCTGCTCATAGATTGTCCTTCTGCTCTCGGGGTGGAGGTGGTGCCCCTTTCCTAGCACTGCCCAAGCCCTCTTTCCACCAGGCAT 120 

GGGTCACnCCCn6€T6ATKCCTCTGCCCCATGTeCCCA^ 240 

NERPHVCEFCSHAFTOKANLNHH 

CTGC«*CACACACGGGT6AGAAGCCCTTCCAGT^ 360 
LRTHTGEKPFQCHLCGKTFRTQ 

GGCTGAGCTCTTGCCTTGTGCCTGCAG^CAGCCTGGACAAGCACAACCGCACCCACACCG 420 
ASLDKHNRTHT 



KKR4 GCGCGTGACCTCGTGCAGCMGCAGCGGCCGGGCCCGAGGGTGCGCCCGAGCGGGCTGCC6AGCTGGGAG 120 
ARDLVQQAAAGPEGAPERAAELGVNFGRSRQGSARGTKPK 

AGGTGCGAGGCCTGCGGCAAGAGTTTCMGTATAACTCGCTGCTCCTGAAGCACCAGCGCAICCACACGGGCGAGAAGCCCTACGCCTGCCACGAGTGCGGCW^ 240 
RCEACGKSFKYHSLLLKHORIHTGEKPYACHECGJCRFRGW 

TCGG^TTCATCCAGCACCACCGCATCCACACGGGCGAGAAGCCCTACGAGTGCGGCCAGTGCGGCCGCGCCTTCAGCCACAGCTCGCACTTCACGCAGCACCTGCGCATCCACAACGGC 360 
SGFIQHHRIHTGEKPYEC60C6RAFSHSSHFIQHLRIHNG 

GAGA AGCCC T AC AAG T GCGGC GAG T GC 387 
EKPYKCGEC 

GTGCGCCACW6CGGCTGCACACGGCTGAGAA<KXCT«^ 120 
VRHQRLHTGEKPVACSQCGKAFIWSSVLI.EHQRIHTGEKP 

TAXGAGTGCTCCGACTGCGCCAAAGCCT1CCGCGGCC6CTCGCACTTCTTCCGCCACCTGCGGACCCACACGGGC6AGAAGCCCTTCGCGTGTGGCGCCTGCGGCAAG 740 
YECSDCGKAFRGRSHFFRHLRTHTGEKPFACCACCKAFGQ 

AGC TCCC AGCTCATCC AGCACCAGCGGG T GC ACT ACCGCGAGTA6CCGGGCGGGG6C TCGGGGC TCGGCC TCCTACCTGC CC CC A ACCC ACCC TCCACCCCG TCCCCCACGG TGGGCAC T 360 
SSOLIOHQRVHYRE* 

GCCCAGCACCGCATGCCACGTGTCCGGAATAAAT TC T T T T TGAT TGT TGGAAGTGGGAGCC 421 

FIG. 2. Sequence analysis of ("//./-related loci. Sequences of GU2, GW. HKRl. // KR2 . HKR3. and IIKR4 are shown. Sequencing was 
performed as described in Materials and Methods. Splice consensus sequences (51) were present adjacent to regions of GU cDNA similarity. 
Closed arrows represent predicted splice donor sites, and open arrows show predicted splice acceptor sites. The sequences obtained tor 
HKRl and HKRl each had one continuous open rending frame encoding fingers. The GU2 and HKR3 sequences each predicted two different 
exons. Two fl.v/NI fragments from HKRt contained finger-hybridizing sequences: it is not known whether these two fl.v/NI fragments were 
contiguous in the genome. The presence of an in-frame stop codon (asterisk) in the larger fragment of HKR4* the results of ribonuclease 
protection (Fig. 4). and the presence of a possible polyadenylation signal (underlined) downstream of the stop codon suggested that these 
sequences lie at the C-terminus of the IIKR4 protein. 
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SLl3 J*IHHO HIKGEKXE 

CLI2 rtXKNE HIHGEKJCE 

GLI TO CRUD6 CSOE FDSQEO LVH HtHSE HIHGERKE 

N6LK MtHSB HIHGERKE 



GLI 3 FV CRWLO CSREQXP FKAQYM LW HNRR HTGEKP 

GLI2 FV CRWQA CTREGKP FKAQYM LW KNRR HTGEKP 

GLI FV CHWGG CSRELRP FKAQYM LW KNRR HTGEKP 

NGLZ F 



GLX3 HK CT* * 

GLI 2 HK CT* KA YSRLEN LKT HLRS HTGEKP 

GLX HK CTFEG CRKS YSRLEN LKT HLRS HTGEKP 
MGLI TEG CRKS YSRLEN LKT HLRS HTGEKP 



GLl2 YV CEHEG CNKA FSNASO RAK HQMRT H3NE* 
GLI YN CEHEG CSKA FSNASO RAK HQNRT HSNEK1 
NGLZ YH CEQEG CSKA FSNASO RAK HQNRT HSNEX1 



GLX YV CKLPG CTKR YTOPSS LRK HVKTV HGPDAHVTKRH 

MGLI YV CKLPG CTKR YTOPSS LRK HVKTV HGPDAHVTKRH 

Y S F R T 

S -X CXXXG C-KX -XXXXX LXX MX- XX H-GEKP 

F T Y N S 



HKRl TE WGOS FGSMSV LZK NPRT HSGGKP 

W CRE CGRG FTWXSM LIT HORT HS6EKP 
YV CKD CGRG FTVKSN LFT HORT HSQLKP 
W CKE CGQS FSLKSN LXT KQRA HTGEKP 
W CftE CGRG FRQHSH LVR KKRT HSGEKP 
YI CRE CEQG F5QKSH LZR HLRT HTGEKP 
W CTE CGRH FSWKSM LKT HORT HSGVKP 
W CLE CGOC FSLKSN LNK HQRS HTGEKP 
FV C 

HKR2 CT cee CGKA fgqrsh lvq h tsikl 
YA CQE CGCT FSNMSS LVK HWHV HTGEKP 
YM CGH CGKC FRESSS LAX HQJtV HTGEKP 
W CGE CGRT FSESTM LVQ MM 

HKR3 NERP 
HV CEF CSMA FTOXAH LNM HLRT HTGEKP 
FQ CHL CGKT FRTQAS LDK HNRT HT 

KKR4 RftTKP 
HR CEA CGKS FKYNSL LUC HOAX HTGEKP 
YA CHE CGKR FRGWSG FIQ HHRX HTGEKP 
YE CGQ CGRA FSHSSH FTQ HLRX HNGEKP 
YK CGE C 

VR HQRL HTGEKP 
YA CSQ CGKA FXWSSV LIE HQRX HTGEKP 
YE CSD CGKA FRGRSH FFR HLRT HTGEKP 
FA CGA CGKA FGQSSQ LXQ HQRV NYRE* 



-X CXX CDXX FXXXHX LXX HXRX HTGEKP 



MKR YE CXE CGKX FXXXSX LXX HQRX HTGEKP 

GLI AA74-107 K T 

nkr yx cxe cg-x fxxxsx lxx hxrx h-gekp 
glx2(ona) acgccccgcctgagccgcaagcgggcgctgtccatctccccactctcagac r s 
glx2(aa) TPRLSRKRALSXSPLSD 
GLX AVKLTKKRALSXSPLSD 
HGLX SVKLTKKRALSXSPLSD 



GLX2 GCCAGCCTGGACCTGCAGCGGATGATCCGCACCTCACCCAACTCGCTAGTG 
GLX2 ASLDLQRNXRTSPHSLV 
GLI ASLDLQTVIRTSPSSLV 
HGLX ASLDLQTVIRTSPSSLV 

* * * 

GLI AA441-456 

HKR3 <dna) tctcttggggcccagtcctgctgccagcccaggcttgcaccggcaggg 

hkr3<aa) SLGAQSCCQPRLAPAG 
GLI SPGAQSSCSSDHSPAG 



FIG. 3. (A) GLI family finger structure. Predicted amino acid sequences obtained from GLI2, GLI3, and MGLI genomic DNA sequences 
were aligned with GLI amino acids 235 to 397. The asterisks mark positions where amino acids varied. Arrowheads show positions of 
predicted intron-exon junctions (see text and Fig. 2). A consensus sequence common to the majority of GLI fingers is shown at the bottom. 
X indicates any amino acid. (B) Kriippel family structure. Predicted amino acid sequences obtained from HKRl to 4 genomic DNA sequences 
are illustrated, with alignment of fingers to demonstrate the consensus features typical of Kruppel-related genes. The consensus sequences 
of the fingers for the HKR, mouse Kriippel (MKR, [10]) and Kriippel (46) genes are shown at the bottom; the asterisk indicates a translation 
stop codon. (C) Similarity to GLI in nonfingcr regions. Phage from each of the six loci depicted in Fig. 1 were hybridized with GLI cDNA 
probes corresponding to regions upstream or downstream of the fingers (see text). Subclones containing the hybridizing regions from GLI2 
and HKR3 were sequenced. These sequences were aligned with the GLI cDNA and the predicted amino acids were compared. The asterisks 
indicate positions of amino acid variation. 



accounts for the only contiguous stretch of GLI similarity 
and thus was responsible for the hybridization to these 
genes. Inspection of the predicted amino acid sequences of 
the four clones (Fig. 3B) showed that they were more similar 
to previously described Kr family genes than to the GLI 
genes described above. The four loci were therefore named 
HKRl to 4 (for human Kruppel-related genes). Some HKR 
fingers had up to 75% identity with those of mouse [MKRL 
MKR2, [10]) or Xenopus (Xfin [47]) Kruppel-related genes. 
For example, one of the fingers of HKR4 shared 78% identity 
with one finger of MKR2 and 75% identity with the finger 34 
of Xfin. However, this strong similarity was only observed in 
isolated fingers, and none of the four HKR genes appeared to 
represent the human homolog of a previously described zinc 
finger gene. 

Spacing of the first two cysteines within HKR gene fingers 
(CX 2 C) differed from the GLI gene fingers (CX 4 C). In 
addition, inspection of the finger sequences revealed specific 



conserved amino acids that distinguished the HKR subgroup 
from the GLI subgroup (Fig. 3A and B). Those amino acids 
that were common to HKR fingers were also common to 
those of the mouse Kriippel genes (Fig. 3B). Another differ- 
ence between the GLI and HKR genes was that HKR had 
several fingers encoded by one exon, while in GLI exons 
generally encoded only one complete finger (Fig. 2). The 
mouse Kriippel family genes also encode multiple fingers in 
individual exons (10). 

For HKR4, an in-frame stop codon occurred at the car- 
boxy terminus of a predicted finger, followed by a possible 
polyadenylation signal (AATAAA) 103 base pairs down- 
stream (Fig. 3B). Location of a finger region at the C- 
terminus has also been observed in the Drosophila finger 
protein gene snail (5). 

Similarity in nonfinger regions. It was of interest to deter- 
mine whether the six loci described above contained regions 
of similarity to GLI other than those in the zinc finger 
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domain. Towards this end, phage clones representing each 
of the six loci were hybridized to GLI cDNA probes con- 
taining coding sequences upstream (nucleotides 118 to 873) 
or downstream (nucleotides 1255 to 2426) of the fingers. 
GLI2 was found to hybridize to the upstream probe, while 
HKR3 hybridized to the downstream probe. Genomic se- 
quences from the hybridizing regions of GL12 and HKR3 
were subcloned and sequenced, and the predicted amino 
acid sequences were compared to GLI (Fig. 3C). GUI and 
GLl showed 76% identity over a 34-amino-acid region up- 
stream of the GLI fingers (amino acids 74 to 107 of GLl). 
Over the same region, MGLI and GLI were identical at all 
but the first position. HKR3 and GLI shared 56% of residues 
over a 16-amino-acid region downstream of the GLl zinc 
fingers (amino acids 441 to 456 of GLl). 

Expression of finger-encoding genes. To assess expression, 
subclones containing finger regions from each of the six loci 
described in Fig. 1 were used to generate synthetic antisense 
RNA transcripts. RNA from normal human tissues, a glio- 
blastoma tumor (D245MG [4]) t and two embryonal carci- 
noma cell lines (Tera-1 [18] and NTera-2 [1J) were then 
tested for their abilities to protect the in vitro transcripts 
from RNase A digestion. The glioblastoma and embryonal 
carcinoma cell lines were chosen because previous studies 
had indicated that GLl and other Kriippel-related genes were 
expressed in analogous cells (10, 31). 

Expression was demonstrated for all loci except HKR2 
(Fig. 4). In each case, the length of the protected RNA 
transcript corresponded to that expected from sequence data 
(Fig. 2). The levels of expression in different cell types 
varied widely among the six loci. GL12 was found to be 
expressed in all normal tissues except for placenta, with 
highest levels expressed in testes, myometrium, and kidney. 
In contrast, GL13 was found to be expressed in all normal 
tissues except for kidney and brain, with highest levels in 
myometrium and lung. HKRI and HKR4 were found to be 
expressed at detectable levels in all normal tissues studied, 
while HKR3 was found in all except placenta. For each of 
the expressed loci, levels of expression were considerably 
higher in the glioblastoma multiforme or embryonal carci- 
noma cell lines than in any normal tissue. 

Similar sequences in other species. The data on RNA 
expression showed that five of the six loci contained genes 
which were expressed in normal adult tissues. Further 
evidence for the potential importance of these genes was 
provided by the observation that sequences related to each 
of the genes were evolutionarily conserved. Human, mouse, 
rat, chicken, frog, fly, and yeast DNAs were digested with 
EcoRX or Hindlll, and Southern blots were prepared. At 
reduced stringencies (see Materials and Methods), probes 
containing finger-encoding regions from each of the six loci 
identified one or a few prominent restriction fragments in 
various other species (Fig. 5 and data not shown). For 
example, HKRI detected related fragments in mouse and rat 
(Fig. 5A), whereas GL13 detected fragments in every species 
tested (Fig. 513). HKR3 identified several fragments in every 
species except for yeast and frog. Comparison of the sizes of 
the £c*r;RI and Hind\U fragments identified by each of the 
HKR loci revealed that each hybridized to a different set of 
restriction fragments. Therefore, the H-C link, which was 
present in all six loci, was not responsible for the cross- 
species hybridization patterns. Rather, the patterns indi- 
cated that sequences within each of the identified loci were 
evolutionarily conserved separately. For two of the six 
probes {HKR3 and HKR4). further reduction of stringency 




HKR3 



HKR4 



420 



FIG. 4. Expression of GLl-Kr. Expression was assessed by 
protection of labeled antisense RNA from ribonuclease digestion. 
Labeled transcripts of the plasmid subclones corresponding to each 
of the six loci depicted in Fig. 1 were hybridized with 20 p.g of total 
RNA from the sources listed below. After digestion with ribonucle- 
ase A, RNA was separated by electrophoresis on denaturing poly- 
acrylamide gels and exposed to autoradiographic film. The plasmid 
subclones used for protection are described in Materials and Meth- 
ods. None of the RNA samples analyzed protected IIKR2. The sizes 
of the protected transcripts, shown on the right in bases, correspond 
to those expected from sequence data and support the intron-exon 
junction predictions (Fig. 2). Doublets can be seen in some lanes 
with the GIJ2 and HKR4 probes. It is not known whether these 
resulted from incomplete RNase protection in vitro or alternative 
RNA processing in vivo. Arrowheads indicate nonspecific signals 
present in all lanes, including yeast tRNA lanes. Lanes: t. testes; m, 
myometrium; p, placenta; k, kidney; c. colon; I. lung; b. brain; s, 
spleen: g, glioblastoma multiforme D245MG; tl, embryonal carci- 
noma cell line Tera-1; t2, embryonal carcinoma cell line NTera-2: y, 
yeast tRNA. 



allowed visualization of many additional fragments in all 
species tested except for yeast (cf. Fig. 5C and 5D). 

Chromosome localization of the six loci. The data on RNA 
expression (Fig. 4) and species conservation (Fig. 5) indi- 
cated significant differences among the six loci, and were 
consistent with the hypothesis that each encoded a different 
gene. Further evidence for this hypothesis was provided by 
chromosome localization studies. DNA from human-rodent 
hybrid panels (8, 28, 40) was used in hybridization studies 
with probes representing each of the six loci. The six loci 
were found to be localized to five different chromosomes 
(Fig. 1). These chromosome localizations, based on karyoty- 
pic and enzymatic analysis of hybrids, were confirmed by 
syntenic mapping, wherein probes from each of the chromo- 
somes predicted to contain one of the six genes were 
rehybridized to the same Southern blots, duplicating the 
initial patterns. Thus, the segregation of GL12 was concor- 
dant with N-MYC on chromosome 2, GU3 with the epider- 
mal growth factor receptor gene on chromosome 7, HKRI 
and 2 with APO-E on chromosome 19, HKR3 with N-RAS 
on chromosome 1, and HKR4 with C-MYC on chromosome 
8. 

DISCUSSION 

We used a GLI finger probe to isolate sequences from six 
loci, each of which encoded zinc fingers with conserved H-C 
links. By analogy with previously characterized zinc finger 
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FIG. 5. Evolutionary conservation of finger-encoding sequences. Southern blots containing DNA from several eucaryotes (listed below) 
were hybridized at reduced stringency to radiolabeled DNA probes prepared from the subclones described in Materials and Methods. Panels 
A, B, and C show HKRl, GL13, and HKR3 probes hybridized at moderate stringency. Panel D shows hybridization to the HKR3 probe at 
lower stringency. Arrows indicate the unique human ////?dIII fragments which hybridized at normal stringency (data not shown). Numbers 
on the left are kilohases. Lanes: h, human (5 jig); m, mouse (5 u.g): r. rat (5 u.g); c, chicken (5 ^g); f. frog (5 u.g); y, yeast (1 d, /). 
melanogaster (1 ji.g). 



genes (6, 27, 37), these probably encode DNA* (or RNA) 
binding proteins which may regulate transcription. At least 
two of the loci (HKR3 and GLJ2) contained sequences 
related to other parts of the GLI cDNA as well, suggesting 
that the putative proteins encoded by these loci have GLI 
similarity aside from that in the finger region. Five of the six 
loci were found to be variably expressed in several normal 
adult tissues as well as in embryonal carcinoma cell lines. 
The genes were mapped to five different chromosomes, and 
each was evolutionarily conserved. These studies, therefore, 
document the basic features of a family of human genes 
which have in common an H-C link connecting zinc fingers. 
There arc probably additional members of this family be- 
sides the seven genes discussed here {GLL GU2, GLI3. and 
HKRI -2, -J, and -4), since low-stringency hybridization 
with probes from some of these loci revealed the presence of 
many restriction fragments (Fig. 5D). 

Conservation of DNA-binding protein motifs has allowed 
isolation of related genes within families in the case of 
homeo box-containing genes (11, 34, 35) and for two classes 
of finger proteins, the nuclear receptor family (e.g.. estrogen 
[22] or relinoic acid [21, 43J receptors) and the Kriippcl 
family. The Kruppel family genes have been isolated from 
several species; some have been isolated by hybridization 
with Kruppel cDNA (7, 10, 47, 49), and others have been 
cloned independently (see Table 2). In. general, similarity 
outside of the finger region has not been demonstrated 
between Kriippel family members (other than the small 



regions of similarity described in Fig. 3C and in Chavrier el 
al. [7]), suggesting a significant diversity of function. 

Because of the large number of finger-containing genes, it 
is useful to subclassify them on the basis of common 
conserved elements (2, 16, 32), One major class of finger 
proteins, termed C 2 H 2 (16), contains several adjacent fingers 
of the form (Y/F)XCX 2 . 4 CX 3 FX 5 LX 2 _ 3 HX 3 ^HX V This 
class is distinguished from other classes of finger proteins by 
virtue of the fact that the putative metal-binding amino acids 

are always C-C H-H, and phenylalanine and leucine 

residues are present near the finger midpoints. Three sub- 
classes with these features can be defined (Table 2). The 
C 2 H 2 -X 5 subclass genes lack any consensus sequence con- 
necting the zinc fingers. In contrast, the GX/-Kriippel gene 
family members are notable for having a conserved H-C link 
( HTG E KP( Y/F) X C ) present between most fingers (10, 49). 
Identical H-C links are only occasionally found in C 2 H 2 -X.< 
proteins (e.g., between one pair of the nine fingers of 
TFIIIA). The GLI- Kruppel genes can be divided into 
Kruppel (C 2 H 2 -K» or GLI (C 2 H 2 -GLf) subclasses, depend- 
ing on spacing within fingers and other conserved primary 
sequence features (Fig. 3A and B: Table 2). Interestingly, 
the Spl gene was recently sequenced and found to have 
three zinc fingers with connecting H-C links, which is typical 
of the t7A/-KruppeI family (27). One finger of Spl fits the Kr 
subgroup consensus, one finger fits the GLI subgroup con- 
sensus, and one finger fits neither. In contrast, the six genes 
described in this report were clearly divisible into GLI or 
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TABLE 2. C : H 2 finger proteins 



Subclass 



H-C link* 



Consensus finger sequence 



C.H,-X 5 Minority of fingers (Y/F)XCX : . 4 CX,FX,LX>.,HX 3 . 4 HX, 



C 2 H 2 -KR Most fingers 



(Y/F)XCX 2 CX,FX 5 LX 2 HXRXHTGEKP 



C 2 H r (7t/ Most fingers 



Gene 


Source 


Reference 


Method of 
isolation 


I rl/lA 




6, 37 


1 ndenendent 


serendipity 


Drosophila 




lnrtprvnHpnt 


hunchback 


Drosophilu 


^S 


iiiucpciiuciH 


snail 


LJrosoptiitu 


5 


i nHpnpnrlpnl 


pUiiuu/ 


nuiudn 


42 


II lucpv Mucin 


KrQppel 


Drosophilu 


46 


Independent 


ADRI 


Yeast 


24 


Independent 


is r> it 
Kli-ii 


Drosophilu 


**y 


a a -rciaicu 


Xfin 


Xvtiopus 


*♦ / 


i\ A I CldlCU 


ivKtr t~/\ 


Rat 


36 


Independent 


MKRIJ 


Mouse 


10 


O-rclatcd 


KROX4,6,S t 9.20 


Mouse 


7 


K/?-related 


EGR-l 


Mouse 


52 


Independent 


Spl 


Human 


27 


Independent 


UKRl-4 


Human 


This work 


GL/-related 


GLI 


Human 


31 


Independent 


MGU 


Mouse 


31 


CL/-related 


GU2.3 


Human 


This work 


GL/-related 



Kriippel subgroups on the basis of the features described in 
Fig. 3 and Table 2. Perhaps reflecting the large size of the 
zinc finger gene family, characterization of genes from 
various species has resulted in the isolation of homologs only 
jjlf rarely. Of the genes listed in Table 2, apparent homologs 
jil. include only (i) NGFI-A (rat) and EGR-l (mouse) (36, 52) 
S; and (ii) GLI (human) and MGU (mouse) (31). 
:low) There were several distinct differences between the C 2 H 2 - 
anels ;:f ■' GLI and C 2 H 2 -A> subclasses. First, the spacing of ami.io 
be at acids between^the invariant cysteine and hislidine residues 
ibers \m for Q^-GL1 (CX,GC. . .HX^H) differed from C 2 H 2 -A> 
d < D - | ;:■ (CX 2 C. .HXRXH). Second, exons of the GLI subgroup 
i }; contained only one complete finger, while exons of the 
Kriippel subgroup contained several fingers. It has previ- 
er et Q: ously been noted that most of the nine fingers of TFIUA are 
\% contained within individual exons (57). This intron-exon 
3s, it organization of the TFIUA and GLI subgroup genes gives 
mon fl; support to the hypothesis that finger proteins have evolved 
nger |F by gene duplication of a small subunit encoding one finger of 
igers p| approximately 30 amino acids (37). Another difference was 
This Pi the conservation of amino acid sequence in the finger re- 
is by p. gions. Although the fingers of HKRl to 4 were almost 
icids P-:- invariant with respect to certain amino acids common to all 
icine Iff Kriippel family fingers (Fig. 3B), there were variable amino 
sub- p ; acids at other positions, so that each of the finger domains 
The within HKRl to 4 was unique. This suggests that the 
con- f& DNA-binding specificities or affinities or both would vary 
gene f.: 1 - considerably among the different proteins encoded by these 
link 0 loci. In contrast, sequences within the finger regions were 
49). highly conserved among the GLI genes (Fig. 3A). If GLI is a 
,-X 5 sequence-specific DNA-binding transcription factor, as has 
s of W been demonstrated for a growing list of finger proteins (e.g., 
into TFIUA [15], SPI |14]. and human glucocorticoid receptor 
end- [25]), then the remarkable similarity of finger sequences 
nary |f ' : among GLI, GLI2. and GU3 suggest that each may bind to 
igly, | the same or similar sequences. The study of amino acid 
have variation in fingers binding similar sequences may further the 
pical fW understanding of sequence-specific binding. Notably, se- 
e Kr quence variations between GLL MGLL GLI2, and GLI3 arc 
con- not found at those finger positions proposed to make sc- 
enes quence-specific contacts with DNA (i.e., those amino acids 
./ or near the conserved leucine; 3). 

Ii 



Consistent with their putative role in nucleic acid binding 
and transcriptional regulation, various finger proteins have 
been shown to be involved in important biological processes. 
Hunchback (55) and snail (5) play key roles in Drosophila 
development, and the retinoic acid receptor may be impor- 
tant in morphogenesis of the chick limb (21, 43, 56). Some 
members of the 077-Kruppel family have been implicated in 
the processes of embryonic development and neoplasia (31, 
44, 47, 49 ); the transcription activator Spl acts on a variety 
of gene promoters in normal tissues (13, 27). Further study 
of the members of the GL/-Kriippel gene family described 
here may prove important to the understanding of transcrip- 
tional mechanisms or differential gene expression or both 
and may be relevant to both normal and pathological states 
in humans. 
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Cloning of the Saccharomyces cerevisiae Gene Whose Overexpression 
Overcomes the Effects of HM-1 Killer Toxin, Which 
Inhibits (J-Glucan Synthesis 
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A gene whose overexpression can endow Saccharomyces cerevisiae cells with resistance to HM-l killer toxin 
was cloned from an S. cerevisiae genomic library. This gene, designated HKRl (Hansenuta mrakii killer 
toxin-resistant gene i), contains a 5.4-kb open reading frame. The predicted amino acid sequence of the protein 
specified by HKRl indicates that the protein consists of 1,802 amino acids and is very rich in serine and 
threonine, which could serve as O-glycosylation sites. The protein also contains two hydrophobic domains at 
the N-terminal end and in the C-terminal half, which could function as a signal peptide and transmembrane 
domain, respectively. Hkrlp is found to contain an EF hand motif of the calcium-binding consensus sequence 
in the C-terminal cytoplasmic domain. Thus, Hkrlp is expected to be a calcium-binding, glycosylated type I 
membrane protein. Southern and Northern (RNA) analyses demonstrated that there is a single copy of the 
HKRl gene in the S. cerevisiae genome, and the transcriptional level of HKRl is extremely low. Gene disruption 
followed by tetrad analysis showed that HKRl is an essential gene. Overexpression of the truncated HKRl 
encoding the C-terminal half of Hkrlp made the cells more resistant to HM-1 killer toxin than the full-length 
HKRl did, demonstrating that the C-terminal half of Hkrlp is essential for overcoming the effect of HM-1 killer 
toxin. Furthermore, overexpression of HKRl increased the p-glucan content in the cell wall without affecting 
in vitro P-glucan synthase activity, suggesting that HKRl regulates p-glucan synthesis in vivo. 



The yeast Hansenuta mrakii secretes a protein with a small 
molecular mass (10.7 kDa) which kills Saccliaromyces cerevisiae 
and other sensitive strains of yeasts. This protein, designated 
HM-1 killer toxin, consists of 88 amino acids, of which 10 
amino acids are cysteine. HM-1 killer toxin is stable in a wide 
range of pHs (pH 2 to 1 1) and is heat labile but is sensitive to 
proteinases and reducing reagents (30). It has also been 
demonstrated that HM-1 toxin inhibited 0-U-glucan synthesis 
in vivo when applied to yeast culture, whereas the synthesis of 
other cell wall components, such as chitin, mannan, and 
alkali-soluble glucan, was unaffected (31). In contrast to 0-1,3- 
glucan synthesis, DNA, RNA, protein, and lipid syntheses were 
apparently not inhibited during the early period of toxin 
treatment (30). These results implied that HM-I killer toxin 
specifically inhibits 0-1,3-glucan synthesis and kills the targeted 
cells by an as yet unknown mechanism. Despite the strong 
cytocidal effect on 5. cerevisiae cells which occurs at about 1 
Hg/ml, HM-1 toxin was weakly inhibitory to 0-1,3-glucan 
synthase activity in the membrane fraction of S. cerevisiae: a 
higher concentration of HM-1 toxin (10 to 100 p.g/ml) was 
needed to inhibit 0-1,3-glucan synthase (30). 

Concerning 0-13-glucan synthesis, neither the enzyme(s) 
nor its gene has been isolated. The enzyme activity of 0-13- 
glucan synthesis was detected in crude membrane fractions of 
S. cerevisiae cells and other fungal cells ( 14, 26), indicating that 
the enzyme exists in the membrane. It has also been demon- 
strated that ATP or GTP was required for enzyme activity (20, 
27). Since its substrate (UDP-glucose) and activators (GTP 

* Corresponding author. Mailing address: Department of Molecular 
Genetics, Nippon Roche Research Center, 200 Kajiwara, Kamakura, 
Kanagawa 247, Japan. 



and ATP) are available only in the cytoplasm, the active site of 
thc^enzyme would be in the cytoplasmic domain, and the 
nascent glucan may be transported to the cell wall, perhaps 
through a channel-like enzyme complex. In this context, Kang 
and Cabib (14) reported -hat glucan synthesis of Hansenuta 
anomala and Neurospora crassa consisted of at least two 
components, a membrane-bound catalytic component and a 
cytosolic regulatory component, of which the latter could be 
solubilizrd by salt and detergent and may represent an affinity 
for GTP and ATP. 

Beside 0-1,3-glucan, there is another type of glucan polymer 
classified as 0-1,6-glucan. 0-1,6-Glucan accounts for only a 
small percentage of total 0-glucan, while the ratio of 0- 1 ,3- and 
0-1,6-glucan varies among yeast species and under different 
growth conditions and stages (11). The synthesis of 0-1,6- 
glucan apparently occurs on the long 0-1,3-glucan chain via 
0-1,6-linkage of glucose, which gives rise to a cell wall glucan 
network (11). Although the mechanism underlying 0-1,6- 
glucan synthesis and its regulation have not been fully under- 
stood, Bussey's group has succeeded in isolating various S. 
cerevisiae mutants defective in 0-1.6-gIucan synthesis. These 
mutants, designated kre mutants, were obtained by screening 
the 5. cerevisiae cells that survived in the presence of Kl killer 
toxin, whose receptor has been identified as cell wall 0-1,6- 
glucan (8, 12). The kre mutants which lack the ability to 
synthesize the normal level of 0-1,6-glucan (and therefore 
acquired a Kl toxin-resistant phenotype) were used for cloning 
the genes involved in 0-1,6-glucan synthesis. Genes whose 
introduction into kre mutants led to the normal level of 
0-1,6-glucan synthesis and to the loss of resistance to Kl killer 
toxin were elegantly cloned and characterized (4-7, 12, 19, 22). 

In an attempt to clarify the mechanism of action of HM-1 
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and to clone p-l,3-glucan synthesis-associated genes, we have 
used an expression cloning strategy with HM-1 killer toxin. 
Here we report the cloning of a gene whose overexpression 
gave rise to an HM-1 killer toxin-resistant phenotype in 5. 
cerevisiae. A possible involvement of this gene product in 
p-l,3-glucan synthesis is discussed. 

MATERIALS AND METHODS 

Purification of HM-1 killer toxin. HM-1 killer toxin was 
purified from the culture medium of H. mrakii (IFO0895) by 
the method of Yamamoto et al. (31) with some modifications. 
A portion (1/100 volume) of the culture of H. mrakii grown 
overnight was inoculated in several liters of minimal medium 
containing 0.67% yeast nitrogen base (Difco) and 0.5% glu- 
cose. After 30 h, the culture of H. mrakii was centrifuged at 
4,500 rpm for !0 min with a Kontron A6.9 rotor to remove 
cells. The supernatant was filtered through a cellulose acetate 
filter (pore size, 0.45 u.m; Corning) to remove cell debris and 
aggregates. Filtered medium was concentrated by ultrafiltra- 
tion with Filtron Omega Minisette (nominal molecular mass 
limit, 3 kDa; Filtron) and then with a YM2 filter (Amicon). 
HM-1 killer toxin was purified by Sephadex G-50 column 
chromatography. Several milliliters of the concentrated me- 
dium was applied to a Sephadex G-50 column and eluted with 
50 mM NaH 2 P0 4 , Fractions containing HM-1 were combined, 
and HM-1 was further purified by high-pressure liquid chro- 
matography. The partially purified toxin was loaded on an SP 
column (SP-2SW; 4.6 mm by 25 cm; Tosoh) and eluted with 25 
mM sodium phosphate buffer (pH 5.8) with a linear gradient of 
0 to 0.5 M NaCI. Sodium dodecyl sulfate (SDS)-polyacryl- 
amide gel electrophoresis and subsequent staining of the 
proteins with Coomassie brilliant blue revealed that the puri- 
fied HM-1 was homogenous, and no visible contamination was 
detected. 

The activity of HM-1 was determined on the basis of the 
growth inhibition of 5. cerevisiae cells (strain A451 ) in synthetic 
medium containing glucose (SG) (0.17% yeast nitrogen base, 
0.5% ammonium sulfate, 2% glucose) supplemented with 
required amino acids, 20 u.g of uracil per ml, and 40 u,g of 
adenine sulfate per ml. Part (1/100 volume) of a culture of 5. 
cerevisiae cells grown overnight was inoculated into several 
milliliters of SG containing various concentrations of HM-1 
killer toxin. After inoculation, cell growth was monitored by 
measuring A MW as a function of time. 

Construction of a 5. cerevisiae genomic DNA library. Wild- 
type 5. cerevisiae (strain YNN295) genomic DNA purchased 
from Clontech was partially digested with &m3AI and frac- 
tionated on a 0.5% agarose gel. The DNA fragments between 
4 and 8 kb long were eluted clectrophoretically from the gel 
(25) and purified with an Elutip-D column (Schleicher & 
Schuell). The vector used for constructing the library was 
YEp213, a derivative of YEpl3, which carries a 2u.m replica- 
tion origin and LEU2 gene as a genetic marker (1, 23). 5. 
cerevisiae genomic DNA, partially digested with Sau3AI and 
ligated to the Bam HI cleavage site of YEp213, and the 
resulting plasmids were transfected to Escherichia coli DH5 
competent cells. Plasmid DNA was extracted from the trans- 
formed E. coli cells through cesium chloride gradient centrif- 
ugation as described elsewhere (25). 

DNA transfection and screening. S. cerevisiae cells (strain 
A451 MATa can I leu2 trp! ura3 aroT) were transfected with 
plasmid DNA by the lithium acetate method (13). For select- 
ing the HM-l-resistant clones, cells were transfected with the 
genomic DNA library, and were seeded on SG agar plates that 
lacked leucine but contained 0.7 u.g f HM-1 per ml. After 



incubation at 30°C for 3 to 4 days, plasmid DNA was recovered 
from the colonies growing on the HM-1 -containing plates by 
iysing the cells with glass beads, extracting with phen I, and 
precipitating with ethanol (17). The insert DNA was excised by 
digesting the recovered plasmid DNA with various restriction 
endonucleases and subcloned in pUC18 and pUC19 vectors. 
DNA sequencing was performed with Sequenase version 2 kit 
(USB) and Ja-^SldCTP (NEN). 

For obtaining the full-length gene, 5. cerevisiae genomic 
DNA was digested with BamHl, and resulting DNA fragments 
between 5.5 and 8 kb long were purified, ligated at the BamHl 
cleavage site of the pUC18 vector, transfected into E. coti 
DH5, and screened by colony hybridization with a radiola- 
beled 1-kb ///Vidlll-BomHI fragment of the cloned gene. 
Hybridization and washing of the filters were carried out under 
stringent conditions (5x SSC [1 X SSC is 0.15 M NaCI plus 
0.015 M sodium citrate]-! x Denhardt's solution-20 mM 
sodium phosphate buffer [pH 6.5}-0.1% SDS-50% formamide 
at 42°C for hybridization; 0.1 X SSO0.1% SDS at 60°C for 
washing) (25). 

Southern and Northern (RNA) blotting. For the preparation 
of genomic DNA, 5. cerevisiae cells were treated with Zymol- 
yase 20T and the resulting spheroplasts were lysed by adding 
SDS to the cell suspension to give a final concentration of 0.1% 
(17). Cell debris was removed by centrifugation after the 
addition of potassium acetate. DNA was precipitated with 
2-propanol, treated with pancreatic RNase, and digested with 
endonucleases as indicated. RNA was extracted from growing 
S. cerevisiae cells by lysing the cells with glass beads in the 
presence of SDS followed by phenol extraction and ethanol 
precipitation (25). Poly(A) + RNA was purified from total 
RNA with Oligotex-tdT)^, as described previously (16). Endo- 
nuclease-digested DNA and poly(A)* RNA were fractionated 
by agarose gel electrophoresis, transferred to nylon mem- 
branes, hybridized with radiolabelied probes, and visualized by 
autoradiography. Radiolabelling of DNA probes was carried 
out by random-priming methods with [a- 32 P]dCTP (25). Con- 
ditions for hybridization and washing of the filters were 
identical to those described for colony hybridization. 

Overexpression of HKRL In order to overexpress HKRl, a 
5.9-kb 7MlllI-f/ifidIII fragment or a 2.6-kb f/wdlll-M/idlll 
fragment which contains the full-length HKRl gene and part of 
the g^ne encoding the C-terminal part of Hkrlp, respectively, 
were ligated at the BglU cleavage site of pMT34-317, a 
derivative of pMT34 (28). These plasmids were designated 
pMT-HKR and pMT-HKR tT (tr for truncated), respectively. In 
these plasmids, HKRl gene transcription was under control of 
the GAL 7 promoter. After transformation of S. cerevisiae A451 
cells with these plasmid DNAs, uracil prototrophs were col- 
lected, analyzed, and used for the experiments. Induction of 
HKRl gene expression was carried out as described previously 
(28). Part (1/100 volume) of a culture of the cells grown 
overnight in glucose-containing medium was inoculated into 
synthetic medium containing 2% galactose, and the cells were 
further incubated at 30°C. 

Disruption of the HKRl gene. The strains carrying null 
mutations of HKRl were generated by single-step gene disrup- 
tion (24). A plasmid required for homologous recombination 
was constructed by replacing the KpnhXbal region of HKRl 
with the 5. cerevisiae LEVI gene. The chimeric HKR1-LEU2 
gene was then excised from the plasmid vector and used to 
transform a diploid 5. cerevisiae strain (RAY3A-D a/a ura3l 
ura3 Ieu2lleu2 his3ihis3 trplltrpl). To confirm that the dis- 
rupted copy f HKRl had been integrated at the expected 
chromosomal locus in the diploid strain, genomic DNA was 
isolated from several leucine prototrophs and then digested 
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with EcoRV and Hindlll f llowed by Southern blot analysis 
with a 0.9-kb Xba\-Hind\\\ fragment of HKRl as a probe, 
which would give rise to a 5.7-kb normal HKRl allele and a 
3.2-kb HKR1-LEU2 chimeric allele. 

Preparation of cell wall glucan. Cell wall polysaccharides 
were fractionated from S. cerevisiae A451 cells transformed 
with pMT34^317, pMT-//KR ,r , or pMT-HKR by the methods of 
Peat et ali (21) and Manners et al. (18) with some modifica- 
tions. Lyophilized S. cerevisiae cells grown to late logarithmic 
phase in synthetic medium containing galactose and lacking 
uracil were autoclaved for 90 min at 120°C. The insoluble 
residues were collected by centrifugation and extracted four 
times with 1.0 N NaOH containing 05% NaBH 4 for 24 h at 
30°C with gentle shaking. After centrifugation, the supernatant 
fractions containing alkali-soluble glucans were neutralized 
with acetic acid, dialyzed against H 2 0, and lyophilized. The 
precipitates were also neutralized and extracted five times with 
05 M acetic acid at 90°C for 90 min. The acid-insoluble glucans 
were centrifuged, dialyzed against H 2 0, and lyophilized. The 
carbohydrate content of each fraction was estimated by the 
phenol-sulfuric acid method by using glucose as a standard 
(10). 

RESULTS 

Cloning of a gene with multicopy suppression activity of 
HM-1 killer toxin. In an attempt to clone S. cerevisiae genes 
involved in 0-1,3-glucan synthesis, we employed an expression 
cloning approach using HM-1 killer toxin, which has been 
implicated as an inhibitor of ^-1,3-glucan synthesis. Overpro- 
duction of the protein which might bind to toxin was antici- 
pated to protect the ceils from the lethal effect of HM-1 killer 
toxin. To this end, the minimal concentration of HM-1 re- 
quired for its lethal effects on 5. cerevisiae A451 was first 
examined. After serial dilutions of purified HM-1 toxin and 
inclusion in the 5. cerevisiae proliferation assay, the threshold 
of the lethal concentration was estimated to be 0.5 u.g/ml in 
agar plates. To ensure the growth arrest of the untransfected 
cells, a slightly higher concentration (0.7 jig/ml) of HM-1 was 
used for the screening. A genomic DNA library was con- 
structed with a YEp213 vector which had a 2u.m replication 
origin. The library contained partially 5au3AI-digested 
genomic DNA that was between 4 and 8 kb long. 5. cerevisiae 
A451 cells were transformed with this library, and the trans- 
formants were then seeded on the leucine-depleted SG agar 
plates which contained the lethal dose (0.7 p.g/ml) of the 
purified HM-1 killer toxin. Of 10* transformants, 10 colonies 
appeared after 4 days of incubation at 30°C. Cells from these 
colonies were grown in SG lacking leucine and were subjected 
to a secondary screening. Of 10 clones, 6 showed healthy 
growth, even in the presence of 0.7 u.g of HM-1 killer toxin per 
ml. Plasmid DNA was extracted from cells derived from the six 
clones, and a restriction enzyme map of the insert DNA was 
determined. The size (7.3 kb) and restriction map of the insert 
DNA was found to be identical among the six clones, indicating 
that all of the HM-1 -resistant clones contained the same 
genomic DNA fragment. Since the introduction of vector 
plasmid ( YEp2l3) alone did not alter the sensitivity of the cells 
•to the toxin, it was evident that this DNA fragment was 
essential for resistance to HM-1 killer toxin (Fig. 1A). Next, we 
have analyzed the essential region of the insert DNA fragment 
for the HM-1 -resistant phenotype. Transformation of S. cer- 
evisiae cells with DNA fragments which had been digested 
with various end nucleases revealed that the 2.6-kb HindlU- 
HindlU regi n located near the 5' end f the 7.3-kb DNA 
fragment was sufficient t make the cells resistant to 0.7 u,g of 
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FIG. I. Restriction map of HKRl and the essential region for 
resistance to HM-1. (A) Plasmid DNA was isolated from the HM-1- 
resistant cells, and the insert DNA was digested with various endo- 
nucleases. The resulting DNA fragments were subcloned into the 
YEp213 vector, transfected to A451 cells, and tested for the ability to 
overcome growth inhibition by 0.7 u.g of HM-1 per ml. The solid box 
indicates an open reading frame found in this DNA fragment. The 
open box represents the coding region of HKRl, (B) Predicted 
structure of Hkrlp. R. repetitive sequence; L, possible leader se- 
quence; TM, transmembrane domain. Asterisks indicate potential N 
glycosylation sites. 



HM-1 per ml (Fig. 1 A). A more detailed study indicated that 
the A451 cells harboring the 2.6-kb //mdlll-ff/ndlll fragment 
were resistant up to 10 u,g of HM-1 killer toxin per ml (data not 
shown). 

The sequencing of this 2.6-kb //mdlll-//mdlll fragment 
demonstrated that there was an open reading frame which was 
capable of coding for a protein with an approximate molecular 
mass of 73 kDa. We designated this gene HKRl (Hamenula 
killer toxin-resistant gene /). Despite its ability to rescue 5. 
cerevisiae cells from 10 u,g of HM-1 killer toxin per ml, the 
2.6-kb //widill-////idlll fragment seemed to be part of the 
gene, because the open reading frame could still continue to 
the 5' end of the insert DNA. Furthermore, there was no 
typical promoter sequence, such as a TATA box in the 5' 
sequence upstream from the first methionine codon. These 
observations strongly suggested that the 2.6-kb Hin<\\\\- 
HM\\\ fragment was part of the HKRl gene. To address this 
possibility, we carried out Northern blotting to determine the 
length of the endogenous mRNA for this gene. Cells trans- 
formed with YEp213 carrying the 2.6-kb Hind\\\-Hind\U 
fragment of HKRl expressed mRNA of the expected size at a 
high level (Fig. 2, lane 1 ), whereas mRNA of the same size was 
not detected in the cells transformed with the vector alone 
(Fig. 2). Instead, a larger (about 6-kb-long) mRNA was 
detected in the cells transformed with HKRl and with the 
vector alone. The level of expression of endogenous HKRl was 
very low; the 6-kb transcript was visible only when m re than 
10 jig of poly(A) + RNA was subjected to N ithern blotting 
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FIG. 2. Nonhern blot analysis of HKRI mRNA. The indicated 
amount of poly(A) + RNA was isolated from cells carrying the 2.6-kb 
//mdIII-//i/idIII fragment of HKRI in YEp213 (lane 1) or YEp213 
alone (lanes 2 and 3), fractionated on an agarose gel, transferred to 
a nylon membrane, hybridized with J2 P-labelled probe, and visualized 
by autoradiography. The positions for 25S and 18S rRNA are indi- 
cated. The arrow indicates the position of the endogenous HKRI 
mRNA. 



(Fig. 2, lane 2 and 3). From these results, we concluded that 
the 2.6-kb Hind\\\-HindU\ fragment was part of the HKRI 
gene and that the full gene might be about 6 kb long. 
Transcription of the 2.6-kb ////jdlll-M/idlll fragment of HKRI 
might have started from promoter-like sequences in the 
YEp213 vector. 

Southern blot analysis with genomic DNA revealed that 
there was a single copy of the HKRI gene in the genome and 
that there was a flam HI site about 6.5 kb 5' upstream from the 
BamHX site located near the 5' end of the cloned DNA 
fragment (Fig. 3). In order to clone the missing 5' part of 
HKRI, S. cerevisiae genomic DNA was digested with BamHl, 
and the resulting DNA fragments between 5.5 to 8 kb long 
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FIG. 3. Genomic Southern blot analysis of HKRI. Genomic DNA 
(5 ug) was digested with BamHl, EcoKl Hindilh ft/I, Sail, and Xhol 
fractionated on an agarose gel, transferred to a nylon membrane, 
hybridized with 32 P-labelled probe, and visualized by autoradiography. 
Tlie positions of size markers are indicated. 
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were purified from the gel, subel ned int pUC19 vector, and 
screened with radiolabeled HKRI probe. Of 10 4 cl nes, we 
obtained two clones which strongly hybridized to the probe. 
Restriction maps f these two cl nes were identical. Sequenc- 
ing of the full-length HKRI gene demonstrated that there was 
a 5.4-kb open reading frame which could encode a protein with 
an approximate molecular mass of 189 kDa (1,802 amino 
acids) (Fig. IB and 4). 

The predicted amino acid sequence of the protein specified 
by HKRI (Hkrlp) showed two hydrophobic domains at the N 
terminus (21 amino acids) and in the C-terminal half. (26 
amino acids) (Fig. IB, 4, and 5). According to Von Heijne's 
criteria (29), it was predicted that the N-terminal 21 amino 
acids could serve as a signal peptide. The hydrophobic domain 
in the C-terminal half could be a membrane-spanning domain, 
since this domain can form seven turns of ot-helical structure. 
Another noteworthy feature of Hkrlp was that this protein was 
very rich in serine and threonine. Over 30% of the total amino 
acids were serine and threonine, which might serve as accep- 
tors for O-linked grycosylation. In addition to the possible 
O-linked grycosylation, there were eight potential N-linked 
glycosylation sites (Fig. IB). Repetitive sequences were found 
in the middle of the protein; there were 12 repeats of the 28 
amino acids (Ser-Ala-Pro-Val-Ala-Val-Ser-Ser-Thr-iyr-Thr- 
Ser-Ser-Pro-Scr-Ala-Pro-Ala-Ala-Ile-Ser-Ser-Thr-Tyr-Thr- 
Ser-Ser-Pro) (Fig. 4). Although there has been no gene or 
protein reported so far whose sequence was identical to that of 
HKRI or Hkrlp, HKRI had a significant sequence similarity to 
MSB2, a multicopy suppressor gene of 5. cerevisiae cdc24 (2, 3). 
Hkrlp shared 33% sequence identity and 45% sequence 
similarity with Msb2p throughout the proteins. Structural 
resemblance between Hkrlp and Msb2p was also observed; 
Msb2p, which consists of 1306 amino acids, is very rich in 
serine and threonine and has a signal sequence at the N 
terminus, a hydrophobic transmembrane domain in the C- 
terminal half, and finally repetitive sequences in the middle of 
the protein (3). 

Interestingly, Hkrlp had a sequence, Asp-Val-Asp-Glu-Asn- 
Giy-Asr>Ile-Arg-Leu-Tyr-Asp, starting at position 1645. This 
sequence strongly correlated with the EF hand motif of the 
calcium-binding site: Asp (or Asn)-Val-Asp (or Asn)-Glu-Asn 
(or Asp or Ser)-GIy-Asp-Ile (or Val)-Arg-Leu-Tyr-Asp (or 
Glu), in which the 1st Asp (or Asn), 3rd Asp (or Asn), 5th Asn 
(or Asp or Ser), 8th He (or Val), and 12th Asp (or Glu) are 
conserved (Fig. 6). This EF hand motif was originally identified 
in carp paralbumin as the calcium-binding site (15) and has 
been found in several other calcium-binding proteins in a wide 
variety of organisms, including 5. cerevisiae and higher eu- 
karyotes. 

Part of HKRI which could encode only a portion of the 
C-tenninal half of Hkrlp is sufficient to overcome the effect of 
HM-1. As mentioned above, overexpression of the 2.6-kb 
f/iftdIII-//indIII fragment of HKRI which could encode part of 
the C-terminal half of Hkrlp was sufficient to evade the 
cytocidal effect of HM-1 (at least up to 10 jig/ml). We also 
overexpressed the full-length HKRI by using the GAL7 pro- 
moter, because the entire HKRI gene could not be subcloned 
in YEp213 for unknown reasons. We succeeded in subcloning 
the full-length HKRI gene in pMT34-317, a vector carrying the 
GAL7 promoter and the URA3 gene as a selectable marker. 
Either the entire sequence or the 2.6-kb //wdIII-f/«dIII 
fragment of HKRI was inserted just downstream of the GAL7 
promoter (designated pMT-HKR and pMT-HKR", respective- 
ly). The resulting plasmids were transfected into 5. cerevisiae 
cells. Expression of HKRI was induced by culturing the Ura3 + 
cells in the medium containing galactose instead f glucose. As 
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Amino acid residue 

FIG. 5. Hydrophobic profile of Hkrlp. Hydropathy of Hkrlp was calculated by using Kyte and Doolittle parameters (16a) from the predicted 
amino ucid sequence of the protein. 
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[human] 
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[S. cerevisiae] 

Cdc31p 
[S. cerevisiae] 
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[S. cerevisiae] 

Glucanase 

[C. thermowllum(bac\er\um)] 

FIG. 6. Consensus sequence of the calcium-binding site (EF hand 
motif) in Hkrlp. The EF hand motif in several calcium-binding 
proteins and Hkrlp is shown. The amino acids indicated in boldface 
type are conserved, and X can be any amino acid. The number 
indicates the amino add position of the first aspartic acid in this motif. 
/*. fiybrida. Petunia hybrida; C thermoceltum, Clostridium thermocel- 
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shown in Fig. 7, culturing the cells in the galactose-containing 
medium resulted in more than 50-fold increases in the mRNA 
levels of both full-length and truncated HKRI compared with 
those of the cells cultured in glucose-containing medium. 
Then, the effect of HM-1 toxin on the ///^/H>verexpressing 
cells was examined by monitoring the growth of these cells in 
the presence of HM-1. In galactose-containing medium, the 
cells harboring pMT-//KK ,r grew normally in the presence of 4 
u,g of HM-1 per ml (Fig. 8A). Overexpression of the full-length 
HKRI in galactose-containing medium delayed the onset of 
growth but resulted in normal growth of the cells in the 
presence of 2 p-g of toxin per ml. Full-length HKRI, however, 
did not make the cells resistant to higher concentrations of the 
toxin; they grew poorly in the presence of 4 u,g of HM-1 per ml 



1 2 3 4 5 6 




Galactose +- + - + - 
Glucose - + - + - + 

FIG. 7. Induction of HKRI gene expression by the GAL7 pro- 
moter. Samples (2 \ig) of poly(A) + RNA from cells carrying pMT34- 
317 (lanes 1 and 2), pMT-//#CR* T (lanes 3 and 4), or pMT-HKR (lane 5 
and 6) which were cultured in galactose- or glucose-containing me- 
dium were fractionated on an agarose gel, transferred to a nylon 
membrane, hybridized with 32 P-Iabelled probe, and visualized by 
autoradiography. The positions of 25S and I8S rRNA are indicated. 



1496 KASAHARA ET AL. 



A) Truncated : 
Galactose 



C) Full length: 
Galact se 



I 




10 20 30 40 
Time after inoculation (hr) 




10 20 30 40 50 60 
Time after inoculation (hr) 



B) Truncated : 
Glucose 



i 

75 



■o 



3 




10 20 30 40 50 
Time after inoculation (hr) 



0) Full length: 
Glucose 




10 20 30 40 50 "60 
Time after inoculation (hr) 



FIG. 8. Effect of HKRI ovcrexprcssion on the growth of cells in the presence of HM-I. Cells transformed with pMT-HKR tr (truncated) or 
pMT-WJKR (full length) were cultured in glucose- or galactosc-containing medium in the presence of the indicated amount of HM-I. Growth of 
the cells was measured by monitoring A t4Ui at various times after inoculation. 



(Fig. 8C). Transfection of the vector (pMT34-317) alone did 
not lead to the cell growth in the presence of HM-I toxin at all; 
0.7 ug of HM-I per ml was enough to kill the vector- 
transfected cells in both glucose- and galactosc-containing 
medium (data not shown). When cells were cultured in glu- 
cose-containing medium, only low levels of HKRI expression 
were detected, and under this condition, 2 u,g of HM-1 per ml 
almost completely inhibited the growth of cells harboring 
pMT-///W and pMT-//A^ tr (Fig. 8B and D). From these 
results, we concluded that WKW/ causes the multicopy suppres- 
sion of HMtI killer toxin action in 5. cerevisiae cells and that 
the C-terminal half f Hkrlp is essential for overcoming the 
killing effect of HM-1. 



HKRI is an essential gene. As described above, the 5. 
cerevisiae genome contains a single copy of the HKRI gene 
(Fig. 3). This fact enabled us to examine whether HKRI is an 
essential gene. To address this question, we constructed a 
plasmid in which most of the coding region of HKRI (region 
between Kpn\ and Xba\ sites) was replaced with the LEU2 
gene (Fig. 9A). S. cerevisiae cells were transformed with this 
plasmid, and the HKRI disruptants were identified among 
Leu2 + transf rmants by S uthern blot hybridization with 
HKRI as a probe. Three independent disruptant clones were 
allowed to sporulate, and the viability of each spore was 
examined following tetrad dissecti n. We analyzed 20 asci in 
each three disruptant clones by tetrad dissecti n and found 
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FIG. 10. Changes in 0-glucan content by overexpression of HKRI. 
0-GIucan was fractionated from the cells transformed with pMT34-317 
(bar 1), pMT-HKR tr (bar 2), and pMT-//KR (bar 3), and carbohydo- 
rate contents in the alkali-soluble glucan fraction and in the alkali- and 
acid-insoluble glucan fractions were determined by the phenol-sulfuric 
acid method. 



2.3- 



FIG. 9. Disruption of HKRI by homologous recombination and 
subsequent tetrad dissection. (A) The plasmid required for homolo- 
gous recomhination was constructed by replacing the Kpn\-Xba\ 
region of HKRI with a LEU2 cassette which was inserted in the 
direction opposite that of HKRI. Diploid RAY3A-D cells were 
transformed with the resulting HKRI-LEU2 chimeric DNA, and 
several leucine prototrophs were allowed to sporulute. The probe used 
for the Southern blotting is indicated. (B) Southern blot analysis of 
DNA from parental RAY3A-D (lane I), LEU2* transformants (lane 
3). and haploid cells originated from a viable spore after tetrad 
dissection (lane 2). The positions of the size markers arc indicated. 
The slower-migrating band corresponds to the normal HKRI allele, 
and the faster-migrating one is attributed to the disrupted allele. (C) 
Tetrad analysis of HKRI disruptunts. RAY3A-D clones which were 
confirmed to contain the disrupted allele of HKRI were subjected to 
tetrad analysis. In most of the cases, only two of four spores were 
viable. 



that only two of four spores were shown to be viable, even after 
1 week of cultivation. Furthermore, cells that originated from 
viable spores were confirmed to contain only an intact allele of 
HKRI (Fig. 9B and C). All these results demonstrated that 
HKRI is an essential gene for the growth of 5. cerevisiae cells. 

Overexpression of HKRI increases the cell wall 0-glucan 
content. Since HM-1 killer toxin specifically interferes with 
0-1,3-gIucan synthesis of 5. cerevisiae (30), it would be of 
interest to ask whether overexpression of HKRI affects 0-1,3- 
glucan synthase activity. This was tested first by 0-l,3-glucan 
synthase assay in vitro (9, 26) with membrane fractions pre- 
pared from the cells transformed with pMT-HKR or pMT- 
HKR tT . Induction of HKRI expression by culturing the cells in 
the galactose-containing medium did not influence the in vitro 
0-I,3-gIucan synthase activity (data not shown). Next, we 
examined whether HKRI is involved in 0-glucan synthesis in 



vivo. For this purpose, the 0-glucan content of the cell wall was 
determined in cells overexpressing either the truncated or 
full-length HKRI gene. Comparison of the carbohydorate 
contents of HKRI -overexpressing cells and vector-transfected 
cells revealed that the overexpression of full-length HKRI 
resulted in about 50% increase in the alkali-soluble 0-glucan 
content and that the alkali- and acid-insoluble 0-glucan con- 
tent was increased by about 2.5-fold by the overexpressed 
truncated HKRI (Fig. 10). Furthermore, most of the carbohy- 
dorates both in the alkali-soluble and in the alkali- and 
acid-insoluble glucan fractions were identified as 0-I,3-gIucan 
(not shown). These results demonstrated that the overexpres- 
sion of either truncated or full-length HKRI increased the level 
of the cell wall 0-1,3-glucan and suggest that HKRI is involved 
in 0-1,3-glucan biosynthesis. 



DISCUSSION 

We hfcvc isolated a 5. cerevisiae gene whose overexpression 
made 5. cerevisiae cells resistant to HM-1 killer toxin. This 
gene, designated HKRI, encodes a high-molecular-weight pro- 
tein (the calculated molecular mass is 189 kDa) that has the 
profile of a type I membrane protein. As mentioned in Results, 
HKRI shares a significant sequence similarity to MSB2, a 
multicopy suppressor of cdc24 (3). Furthermore, both Hkrlp 
and Msb2p can code for high-molecular-weight proteins which 
are rich in serine and threonine and are structurally related; 
they have a signal sequence at the N terminus, possess a 
transmembrane domain in the C-terminat half, and contain 
amino acid repeats in the middle of the proteins (3). These 
results prompted us to examine whether HKRI could substi- 
tute for MSB2 and rescue a cdc24 mutant at the nonpermissive 
temperature. To address this question, we carried out a 
preliminary experiment in which pMV-HKR and pMT-HKR u 
were introduced into S, cerevisiae Y147 (cdc24) cells (2). HKRI 
mRNA was increased more than 50-fold in cells cultured in 
galactose-containing medium compared with in the cells cul- 
tured in glucose-containing medium, as shown in Fig. 7. This 
increased level of HKRI expression, however, did not support 
the growth of Y147 cells at 37°C suggesting that HKRI cannot 
substitute for MSB2. MSB2 has been reported to be a nones- 
sential gene (3), while HKRI was shown to be essential for the 
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viability of S. cerevisiae cells. Taking these results together, we 
concluded that HKRl and MSB2 are functionally distinct. 

We f und that overexpression f truncated HKRl, which 
could encode the C-terminal part of Hkrlp, was sufficient and 
much more efficient than the full-length gene in conferring 
resistance to HM-1 killer toxin. This difference may be caused 
mainry % the difference in the levels of expressed protein. 
Indeed, Western blotting (immunoblotting) with a specific 
antftody raised against the C-terminal portion of Hkrlp 
showed that the level of truncated Hkrlp was much higher 
than that of the full-length Hkrlp (data not shown). 

It is not clear at present how the full-length or truncated 
Hkrlp could protect the cells from HM-1 toxin, and further 
experiments should be necessary to understand the molecular 
mechanism of HM-1 killer toxin action. Surprisingly, most, if 
not all, of the protein expressed from the truncated form of 
HKRl (2.6-1* //wdIII-tfi>idIII region) was found in the mem- 
brane fraction (data not shown). One possible interpretation is 
that Hkrlp contains a HM-1 toxin binding site in the C- 
terminal half of the protein and that overcxpressed Hkrlp 
neutralizes the HM-1 killer toxin by binding to it. 

On the other hand, Hkrlp contains an EF hand motif of the 
calcium-binding consensus sequence in the C-terminal cyto- 
plasmic domain. The existence of a calcium-binding site in 
Hkrlp suggests that the changes in the intracellular calcium 
concentration may be associated with the cytocidal effect by 
HM-1 toxin. This finding also enables us to speculate that 
the overexpression of the full-length or truncated form of 
Hkrlp impairs the function of the endogenous Hkrlp at 
certain steps, e.g., binding to calcium ion and interaction with 
substrate. 

As for the physiological function of Hkrlp, we demonstrated 
here that overexpression of HKRl increased the p-glucan 
content and that HKRl is involved in p-glucan biosynthesis. 
P-Glucan synthase activity in the cells, however, was unaffected 
by the overexpression of either truncated or full-length HKRL 
suggesting that Hkrlp may be a regulatory factor of p-glucan 
synthesis. Interestingly, truncated and full-length HKRl af- 
fected the p-glucan content in different fractions. Since the 
level of truncated Hkrlp is much higher than that of full-length 
Hkrlp, the increase in the p-glucan content in the different 
fractions by the two forms of Hkrlp may also be the conse- 
quence of the difference in the protein levels. 
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HKR1 Encodes a Cell Surface Protein That Regulates Both Cell 
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We previously isolated the Saccharomyces cerevisiae HKR1 gene that confers on 5. cerevisiae cells resistance 
to HM-1 killer toxin secreted by Hansenula mrakii (S. Kasahara, H. Yamada, T. Mio, Y. Shiratori, C. Miyamoto, 
T. Yabe, T. Nakajima, E. Ichishima, and Y. Furuichi, J. Bacteriol. 176:1488-1499, 1994). HKR1 encodes a type 
1 membrane protein that contains a calcium-binding consensus sequence (EF hand motif) in the cytoplasmic 
domain. Although the null mutation of HKR1 is lethal, disruption of the 3' part of the coding region, which 
would result in deletion of the cytoplasmic domain of Hkrlp, did not affect the viability of yeast cells. This 
partial disruption oiHKRl significantly reduced p-l,3-glucan synthase activity and the amount of p-l,3-glucan 
in the cell wall and altered the axial budding pattern of haploid cells. Neither chitin synthase activity nor chitin 
content was significantly affected in the cells harboring the partially disrupted HKR1 allele. Immunofluores- 
cence microscopy with an antibody raised against Hkrlp expressed in Escherichia coli revealed that Hkrlp was 
predominantly localized on the cell surface. The cell surface localization of Hkrlp required the N-terminal 
signal sequence because the C-terminal half of Hkrlp was detected uniformly in the cells. These results 
demonstrate that HKR1 encodes a cell surface protein that regulates both cell wall p-glucan synthesis and 
budding pattern and suggest that bud site assembly is somehow related to p-glucan synthesis in S. cerevisiae. 



P-Glucan is one of the major components of the yeast cell 
wall and is divided into two categories, p-l,3-linked glucan and 
p-l,6-linked glucan. Both types of p-glucan are synthesized from 
UDP-glucose by the enzymes called p-glucan synthases, and they 
are often linked to each other (for a review, see reference 18). 

A putative p-l,3-glucan synthase gene was isolated from a 
Saccharomyces cerevisiae genomic DNA library by comple- 
menting the hypersensitive phenotype to immunosuppressants 
FK506 and cyclosporin A and it was designated FKS1 (15). 
FKS1 is identical to ETG1, which complements echinocandin- 
resistant mutation of 5. cerevisiae cells (15, 16). More recently, 
Inoue et al. (21) partially purified the 200-kDa protein that 
was associated with p-l,3-glucan synthase activity from whole- 
cell membranes of SV cerevisiae and cloned the gene for this 
protein. This gene, referred to as GSC1, is also nearly iden- 
tical to FKS1 (also called ETG1), and disruption of either 
FKS1 (ETG1) or GSC1 drastically decreases p-l,3-glucan syn- 
thase activity and confers resistance to echinocandins (15, 21). 
All these facts strongly support the idea that FKS1 (also called 
ETG1) or GSC1 encodes a subunit of p-l,3-glucan synthase. 

On the other hand, genes involved in p-l,6-glucan synthesis 
are isolated by the functional complementation of kre mutants 
that lack p-l,6-glucan and are thereby resistant to Kl killer 
toxin (4-8, 26, 30, 31). Of several KRE genes, KRE5, KRE6, and 
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SKN1 are believed to play important roles in the early steps of 
P-l,6-glucan synthesis because the Kre5p sequence is similar to 
the UDP-glucose:glycoprotein glucosyltransferase sequence 
(28), and a putative UDP-glucose binding motif was found in 
Kre6p and Sknlp (30, 31). Further, the recent report demon- 
strating that Bgl2p, which was originally identified as an endo- 
glucanase, can link p-l,3-glucan chains with p-1,6 linkage at 
the higher concentrations of the substrate (19) suggests that 
Bgl2p is one of the proteins that assemble P-1,3- and p-1,6- 
glucan. 

Previously, we isolated HKR1, which rendered S. cerevisiae 
cells less susceptible to HM-1 killer toxin produced by Han- 
senula mrakii (22). HKR1 is an essential gene and encodes a 
serine- and threonine-rich type 1 membrane protein with a 
Ca 2+ -binding consensus sequence (EF hand motif) in the cy- 
toplasmic domain. Although the physiological role of HKR1 
remains to be established, the facts that the null mutation of 
HKR1 is lethal and that overexpression of HKR1 increases the 
amount of p-l,3-glucan in the cell wall suggest that HKR1 is 
involved in both cell growth and p-l,3-glucan synthesis. 

In an attempt to gain further insights into the function of 
HKR1, we disrupted this gene at various sites and found that 
the partial disruption of HKR1 that would eliminate the cyto- 
plasmic domain of Hkrlp was not lethal. However, the cells 
harboring the partially disrupted HKR1 allele exhibited de- 
creased p-l,3-glucan synthase activity and cell wall p-l,3-glu- 
can level. Furthermore, this partial disruption of HKR1 altered 
the axial budding pattern of haploid yeast cells. On the basis of 
these findings, the mechanism of regulation of p-glucan syn- 
thesis and bud site selection by HKR1 are discussed. 
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MATERIALS AND METHODS 

Partial disruption and overexpression of HKR1. For the partial disruption of 
HKRl, a 2.6-kb f/mdIII-///«dIII fragment of HKRl was cloned in pUC18 in 
which the Bam HI site in the polycloning site had been already destroyed to 
generate pUCHKRIH. Then, the S. cerevisiae LEU2 gene was ligated at the 
BamUl cleavage site of pUCHKRIH in the direction opposite that of HKRl 
transcription, and the resulting HKR1-LEU2 chimeric gene was excised from the 
vector and used to transform a diploid yeast strain, RAY3A-D (a/a ura3/ura3 
Ieu2/leu2 his3lhis3 trpl/trpl). After selection on a leucine -depleted plate, several 
Leu + transformants were allowed to sporulate and were dissected for tetrads. 
Integration of the disrupted copy of HKRl at the expected locus was confirmed 
by Southern blot analysis as described below. The haploid RAY3A-D strains 
harboring the intact HKRl gene and the partially disrupted HKRl allele were 
designated HKRl and hkrlAC, respectively, and they were cultured in YPD 
medium for further study. 

In order to overexpress HKRl, haploid A451 (a canl leu2 trpl ura3 awl) cells 
were transformed with pMTHKRl or pMTHKRl" in which the entire HKRl 
gene or the 2.6-kb //mdIII-//mdIII fragment of HKRl was inserted at the BgM 
cleavage site (just downstream of the GAL7 promoter) of pMT34-317 (22, 37), 
and HKRl expression was induced by culturing the celts in galactose-containing 
medium as described in a previous study (22). 

Southern blotting. Genomic DNA was extracted from S. cerevisiae cells by 
lysing the cells with glass beads followed by phenol extraction and ethanol 
precipitation (24). Genomic DNA (25 u,g) was digested with EcoRl, separated 
on agarose gels, transferred to nylon membranes, hybridized with the radiola- 
beled probe, and visualized by autoradiography. The probe used for Southern 
blotting was the 1.0-kb EcoRl-BamHl fragment of HKRl, which would give rise 
to a 5.5-kb normal HKRl allele and a 1.8-kb HKR1-LEU2 chimeric allele. Ra- 
diolabelling of probes was carried out by the random priming method with 
[a- 32 P]dCTP (32). Conditions for hybridization and washing the filters have 
already been described (22). 

Determination of cell wall glue an content Cell wall polysaccharides were 
fractionated from HKRl or hkrlAC cells that were generated from RAY3A-D 
by the methods of Manners et al. (25) with some modifications. Lyophilized cells 
grown to mid-logarithmic phase in YPD medium were autoclaved for 90 min. 
The insoluble residues were collected by centrifugation and extracted four times 
with 1.0 N NaOH containing 0.5% NaBH 4 at 30°C for 24 h with gentle shaking. 
After centrifugation, the supernatant fractions containing alkali-soluble glucans 
were neutralized with acetic acid, dialyzed against H 2 0, and lyophilized. The 
precipitates were also neutralized and extracted five times with 0.5 M acetic acid 
at 90°C for 90 min. The acid-insoluble glucan was centrifuged, suspended in 
H 2 0, and lyophilized. The carbohydrate content of each fraction was estimated 
by the phenol-sulfuric acid method by using glucose as a standard (17). 

Determination of cell wall chitin content. Cell wall chitin content was esti- 
mated by determining the amount of N-aeetyl-D-glucosamine. The freeze-dried 
cells of HKRl and hkrlAC that were harvested in mid-logarithmic phase were 
suspended in 4 M HC1 and boiled for 4 h. The amount of amino sugars in the 
resulting hydrolysate was determined by the Elson-Morgan method (3), using 

-acetyl- D-glucosamine (hydrolyzed under the same conditions described above) 
as a standard. After the resulting hydrolysates were diluted with H 2 0 to obtain 
a final HC1 concentration of 0.2 M, 1 ml of acetylacetone reagent containing 2% 
(vol/vol) acetylacetone and 1.25 M Na 2 C0 3 was added to the 0.5-ml sample of 
the diluted hydrolysates, and the resulting solution was incubated at 90°C for 60 
min. After the solution was cooled to room temperature, 10 ml of ethanol and 1 
ml of Ehrlich's reagent containing 2.67% (wt/vol) p-dimethylaminobenzalde- 
hyde, 50% (vol/vol) ethanol, and 6 N HC1 were added to the solution, which was 
then incubated at room temperature for 60 min. Hexosamine content was de- 
termined by measuring optical density at 530 nm with a spectrophotometer. 

Morphological study. The budding pattern was determined by staining bud 
scars with Calcofluor White (Sigma) as described previously (29). Results ob- 
tained with Calcofluor White were consistently observed in at least four inde- 
pendent experiments. 

For electron microscopy, cells in mid-logarithmic phase were fixed in 0.1 M 
phosphate buffer (pH 7.2) containing 2.5% glutaraldehyde at 4°C overnight, 
dehydrated through a series of acetone solutions, dried in a critical point drying 
apparatus (Hitachi HCP-1), coated with platinum in an Eiko IB-3 coating unit, 
and then examined with a scanning electron microscope (Hitachi S-700). 

Assays of chitin and B-glucan synthases. The activities of chitin synthase and 
|J-l,3-glucan synthase were determined by the methods of Cabib et al. (10) and 
Cabib and Kang (9), respectively. The chitin synthase assay was carried out in a 
standard 50-u.l reaction mixture containing 30 mM Tris-HCl (pH 7.0), 5 mM 
MgCl 2 , 32 mM GlcNAc, 0.1 mM [ 3 H]UDP-GlcNAc (specific activity, 95,880 
dpm/nmol), and 20 u.g of proteins from total membranes at 30°C. In some cases, 
enzymes were treated with trypsin (final concentration, 1 mg/ml [wt/vol]) at 30°C 
for 15 min and then phenylmethanesulfonyl fluoride (final concentration, 2 
mg/ml) was added to terminate the trypsin digestion. The p-glucan synthase 
assay was performed in a standard 50-u.l reaction mixture containing 50 mM 
Tris-HCl (pH 7.5), 10 mM potassium fluoride, 1 mM EDTA, 0.2 mM [ U C]UDP- 
glucose (specific activity, 705 dpm/pmol), and 20 u.g of proteins from total 
membranes at 30°C. In some experiments, 0.5 mM GTP was added to stimulate 
the reaction. Both chitin synthase and p-glucan synthase reactions were termi- 



J. Bacteriol. 



A) Disruption strategy 




B) Southern blotting 



12 3 4 




FIG. 1. Partial disruption of HKRl. (A) Restriction map of HKRl and 
HKR1-LEU2 chimeric gene used for homologous recombination. The direction 
of transcription of HKRl and LEU2 is indicated by the arrows. L, leader se- 
quence; R, repetitive sequence; TM, transmembrane domain; C, calcium-binding 
EF hand motif. (B) Southern blotting of genomic DNA from haploid HKRl cells 
(lane 1), haploid hkrlAC cells (lane 2), diploid RAY3A-D cells in which one of 
the HKRl alleles was replaced with the HKR1-LEU2 chimeric gene (lane 3), and 
diploid RAY3A-D cells with the intact gene (lane 4). The positions of size 
markers corresponding to 5.5 and 2.0 kb are indicated to the left of the gel. For 
more details, see Materials and Methods. 



nated by adding 10% trichloroacetic acid, and radioactivity incorporated into 
acid-insoluble chitin or (J-glucan fractions was determined with a toluene-based 
liquid scintillator. 

Generation of antibody and Western blotting (immunoblotting). A polyclonal 
antibody was raised against the C-terminal part of Hkrlp (from amino acid 
positions 1084 to 1803), which was expressed in Escherichia coli cells as a fusion 
protein with glutathione S-transferase (GST). The 0.9-kb^I-H(rtdIII fragment 
of HKRl was ligated at the EcoRl cleavage site of pGEX2T (Pharmacia), and the 
resulting plasmid, pGEXHKRl, was introduced intoE. coli JM109 cells. Expres- 
sion of GST-Hkrlp fusion protein was induced by adding 1 mM isopropyl-^-D- 
thiogalactopyranoside (IPTG), and the fusion protein was purified by glutathione 
Sepharose-4B column chromatography (36). Then Hkrlp was excised by digest- 
ing the fusion protein with thrombin and separated from GST by repeating 
glutathione Sepharose-4B column chromatography. Rabbits were subsequently 
immunized with the purified Hkrlp, and immunoglobulin G fractions containing 
anti-Hkrlp antibody were obtained from the crude sera by ammonium sulfate 
precipitation followed by protein A Seph arose column chromatography (14). 

For the Western blotting, the indicated amounts of total membranes or par- 
tially purified Hkrlp that was expressed in E. coli were fractionated on sodium 
dodecyl sulfate (SDS)-polyacrylamide gels, transferred to polyvinylidene difluo- 
ride membranes electrophoretically (32), incubated with anti-Hkrlp polyclonal 
antibody and horseradish peroxidase that was conjugated with anti-rabbit immu- 
noglobulin G, and visualized with cyclic diacrylhydrazides (enhanced chemilu- 
minescence detection kit; Amersham). 

Immunofluorescence microscopy. Localization of Hkrlp was determined by 
indirect immunofluorescence microscopy with an anti-Hkrlp polyclonal anti- 
body. A451 cells, which were transformed with pMTHKRl or pMTHKRl tr and 
were grown to mid -logarithmic phase, were fixed with 2% formaldehyde solution 
at room temperature for 60 min and then made permeable by suspension in phos- 
phate-buffered saline (PBS) containing 0.1% (vol/vol) Triton X-100. After the 



Vol. 178, 1996 CELL WALL [J-GLUCAN AND BUD SITE SELECTION 479 



(A) Glucan synthase activity (B) Chitin synthase activity 
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FIG. 2. Activities of 0-1,3-gIucan synthase and chitin synthase in HICR1 and hkrlAC cells. (A) Portions (20 ng) of proteins from total membranes prepared from 
HKR1 cells (open symbols) or hkrlAC cells (closed symbols) were assayed for (J-l,3-glucan synthase in the presence (circles) or absence (squares) of GTP. (B) Portions 
(20 ^g) of proteins from total membranes prepared from HKR1 cells (open symbols) or hkrlAC cells (closed symbols) were assayed for chitin synthase with (circle) 
or without (square) trypsin treatment of the membranes. For more details, see Materials and Methods. 



cells were washed with PBS, they were treated with anti-Hkrlp antibody and with 
FITC-conjugated protein A and then examined with a fluorescence microscope. 



RESULTS 

Overexpression of HKR1 confers resistance to HM-1 killer 
toxin, which interferes with (5-glucan synthesis in vivo (38). 
Since the protein specified by this gene contains the Ca 2+ - 
binding EF hand motif in the cytoplasmic domain (22) and the 
addition of EDTA severely inhibited the action of HM-1 killer 
toxin (data not shown), the EF hand motif was expected to be 
important for the function of Hkrlp. To address this possibil- 



ity, we have generated the mutant yeast strain in which HKR1 
was partially disrupted by inserting the LEU2 gene at the 
BamKl site located just before the potential transmembrane 
domain of Hkrlp (Fig. 1A). Southern blotting revealed that 
the resulting strain, designated hkrlAC, harbored only the 
partially disrupted HKR1 allele (Fig. IB) and thereby would 
express the truncated Hkrlp that lacks the C-terminal cyto- 
plasmic domain, including the EF hand motif. Although the 
deletion of nearly the whole region of HKR1 (Kpnl-Xbal re- 
gion) was lethal, neither growth nor sensitivity to HM-1 killer 
toxin was affected by the partial disruption of HKR1 (data not 
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FIG. 3. Comparison of p-glucan and chitin levels in HKR1 and hkrlAC cells. HKR1 cells (white bars) or hkrlAC cells (shaded bars) in mid-logarithmic phase were 
harvested, and the levels of alkali-soluble, alkali- and acid-insoluble, and total glucan and chitin were analyzed. Glucan and chitin levels are given in milligrams per gram 
(dry weight) of yeast cells. For more details, see Materials and Methods. 
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FIG. 4. Calcolluor White staining of HKRl and hkrIAC cells.- Haploid 
HKR1 (A), diploid RAY3A-D (B), or hkrIAC (C to H) cells in mid-logarithmic 
phase were harvested and stained with Calcofluor White, Typical patterns of bud 
scar staining for class I (C), class II (D and E), class III (F and G), and class III 
with abnormal morphology (H) seen in hkrIAC cells are shown. Strong fluores- 
cence detected in bud scars of hkrl AC cells showing class II and class III staining 
patterns is indicated by arrows. For more details, see Materials and Methods. 



shown), indicating that the C-terminal cytoplasmic domain of 
Hkrlp is not required for the essentiality and resistance to 
HM-1 toxin. It should be noted, however, that some cells of 
hkrIAC became swollen and were larger than those with the 
intact HKRl allele (see Fig. 4 and 5). 

We previously demonstrated that the amount of p-glucan in 
the cell wall was increased in cells overexpressing HKRl and 
suggested that HKRl might regulate (3-gIucan synthesis in vivo. 



Therefore, we examined the effect of the partial disruption of 
HKRl on p-glucan synthesis. As shown in Fig. 2, GTP-depen- 
dent p-l,3-glucan synthase activity in hkrIAC cells was about 
one-third that of HKRl cells, while trypsin-dependent chitin 
synthase activity was slightly increased in hkrl AC cells. Con- 
sistent with this result, the amounts of alkali- and acid-insolu- 
ble p-l,3-glucan content and total glucan were reduced to 
about 66% in hkrIAC cells, and the amount of chitin was not 
significantly different in these two strains (Fig. 3). All these 
results clearly indicate that HKRl is involved in p-l,3-glucan 
synthesis. The amount of alkali-soluble p-glucan (mixture of 
p-1,3- and p-l,6-glucan) was higher in hkrl AC cells, but this 
difference was very small compared with that of alkali- and 
acid-insoluble p-glucan. 

Although HKRl did not rescue cdc24 at nonpermissive tem- 
perature, HKRl has significant sequence homology with MSB2, 
a multicopy suppresser of cdc24, at both nucleotide and amino 
acid levels (33% identity and 45% homology at the amino acid 
level) (2, 22). CDC24 is a gene required for the initiation of 
budding (34, 35), and Cdc24p catalyzes the release of guanine 
nucleotide (GDP) bound to Cdc42p to convert it into an active 
form (39). These facts prompted us to examine whether HKRl 
is also involved in the budding of yeast cells. Calcofluor White 
staining allowed us to divide yeast cells into three categories. 
Cells showing bud scars on one side, both sides, and several 
areas of the cells were classified as class I, class II, and class III, 
respectively. Haploid HKRl cells and diploid RAY3A-D cells 
showed the typical pattern of axial budding and bipolar bud- 
ding, respectively; when about 200 cells were examined, all 
HKRl cells belonged to class I, while most RAY3A-D cells 
exhibited class II staining pattern (Fig. 4A and B and Table 1). 
However, hkrl AC cells budded in several ways. About half of 
the cells belonged to class I (Fig. 4C), and the rest of the cells 
were detected as class II (Fig. 4D and E) or class III (Fig. 4F 
to H). In addition, two-thirds of hkrl AC cells that belonged to 
class III showed an irregular form as shown in Fig. 4H, indi- 
cating that the axial budding pattern of haploid cells was not 
sustained in hkrIAC cells. The bud scar staining pattern of 
hkrIAC cells is also summarized in Table 1. The altered bud- 
ding pattern of hkrl AC cells was further confirmed by scanning 
electron microscopy. While budding always occurred near the 
previous budding site that was revealed by the bud scars in the 
control haploid HKRl cells (Fig. 5A), many of the hkrIAC 
cells budded in several directions and had bud scars in several 
areas (Fig. 5B and C). 

As mentioned earlier, on the basis of its deduced amino acid 
sequence, Hkrlp is expected to be a type 1 membrane protein. 
We also addressed the subcellular localization of Hkrlp. For 
this purpose, a polyclonal antibody against Hkrlp was gener- 
ated by immunizing rabbits with the bacterially expressed C- 
terminal portion of Hkrlp (from amino acid positions 1084 to 



TABLE 1. Staining patterns of bud scars in RAY3A-D, HKRl, and hkrIAC cells" 



Strain 



No. of cells with staining pattern 



Class I 

O 



Class II 

O 



Class III 

O 



Class III deformed 



Total no. of cells 
observed 



RAY3A-D (diploid) 
HKRl (haploid) 
hkrIAC (haploid) 



37 
201 
96 



161 
0 

25. 



0 
0 
27 



0 
0 

46 



198 
201 
194 



° RAY3A-D, HKRl, and hkrIAC cells were stained with Calcofluor White and divided into three classes on the basis of the pattern of staining. Cells showing bud 
scars on one side, both sides, and several areas of the cells are classified into class I, II, and III, respectively. 
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1803). Since Hkrlp was expressed as a fusion protein with 
GST, Hkrlp was separated from carrier GST by treatment with 
thrombin and purified by affinity column chromatography. 
Both the 27-kDa GST and 60-kDa GST-Hkrlp fusion protein 
were strongly expressed in bacterial cells after treatment with 
IPTG (Fig. 6A). Western blotting of the bacterial cell extracts 
with anti-Hkrlp antibody revealed that anti-Hkrlp antibody 
strongly reacted with GST-Hkrlp but not with GST alone (Fig. 
6B). Yeast cell extracts were also analyzed by Western blotting 
using the same antibody. When the intact HKR1 gene (indi- 
cated as HKR1) or the 2.6-kb Jfttdlll-J/indlll fragment of 
HKR1 (indicated as HKRl tT ), which encodes only the C-termi- 
nal part of Hkrlp, was expressed under the control of the 
GAL7 promoter, 250- and 110-kDa proteins were detected in 
cells overexpressing HKR1 and HKRl tr , respectively. In addi- 
tion, expression of 250- and 110-kDa proteins were observed 
only when cells were cultured in medium containing galactose, 



and nothing was detected in vector-transfected control (indi- 
cated as pMT) even when they were cultured in galactose- 
containing medium (Fig. 7). All these data clearly demonstrate 
that the antibody generated against the C-terminal portion of 
Hkrlp was highly specific to Hkrlp and that the endogenous 
Hkrlp was undetectable probably because of its low level of 
expression. The molecular mass of the protein detected by anti- 
Hkrlp antibody in cells overexpressing the intact HKR1 gene was 
larger than that calculated from the deduced amino acid se- 
quence (189 kDa). This difference may be due to the glycosylation 
of Hkrlp. 

Then, the cells harboring intact HKR1 whose transcription 
was under control of the GAL 7 promoter were stained with the 
anti-Hkrlp antibody described above together with FITC-con- 
jugated protein A. When the cells were cultured in the medium 
containing galactose, strong fluorescence was observed in the 
cell surface in more than 90% of 1,000 cells examined (Fig. 



A) CBB staining B) Western blotting 




1,2: GST 

3, 4 : GST-HKR1 

5 : purified GST-HKH7 

FIG. 6. Expression of Hkrlp in E, coli and generation of anti-Hkrlp antibody. About 30 \ig of protein of crude E. coli extracts (lanes 1 to 4) or 1 u-g of 
affinity-purified GST-Hkrlp fusion protein (lane 5) was fractionated on 10 or 12.5% polyacrylamide gels and stained with Coomassie brilliant blue (CBB) (A) or 
hybridized with anti-Hkrlp antibody (B). £ coli cells harboring pGEX2T (lanes 1 and 2) or pGEXHKRl (lanes 3 and 4) were treated (+) or not treated (-) with IPTG 
before harvest. The positions (in kilodaltons) of protein size markers are indicated. For more details, see Materials and Methods. 
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FIG. 7. Expression of Hkrlp in yeast cells. A451 cells harboring pMT34-317, 
pMTHKRl 11 , or pMTHKRl are indicated over the lanes as pMT, HKR1 U , or 
HKR1, respectively, and they were cultured in medium containing (+) glucose or 
galactose. Portions (50 p,g) of proteins of whole-cell extracts were fractionated 
on SDS-7% polyacrylamide gels, and hybridized with anti-Hkrlp antibody. The 
positions (in kilodaltons) of protein size markers are indicated to the right of the 
gels. For more details, see Materials and. Methods. 



8A). In some cells, fluorescence was detected as patch-like 
spots in the periphery (Fig. 8B). In contrast, the whole cell was 
stained with anti-Hkrlp antibody when only the C-terminal 
half of Hkrlp was expressed (Fig. 8C and D), indicating that 
the N-terminal signal sequence was essential for the cell surface 
localization of Hkrlp. The fluorescence was specific to anti- 
Hkrlp antibody; treatment of the cells with control serum gave 
rise to only background level (Fig. 8F). We also stained the cells 
cultured in the glucose-containing medium with anti-Hkrlp 
antibody to see the localization of endogenous Hkrlp but failed 
to detect any significant fluorescence because of its very low 
level of expression (Fig. 8E). From these results, we concluded 
that Hkrlp is localized predominantly on the cell surface and 
regulated both p-glucan synthesis and bud site selection. 

DISCUSSION 

We have demonstrated that the partial disruption of HKRl 
that would eliminate the C-terminal cytoplasmic domain of 
Hkrlp did not affect cell growth but decreased p-l,3-glucan 
synthase activity and the level of p-l,3-glucan in the cell wall. 
Since the EF hand motif is located in the cytoplasmic domain 
of Hkrlp, the above result indicates that the EF hand motif of 
HKRl is not necessary for vegetative growth of yeast cells but 
is required for the normal level of cell wall p-l,3-glucan syn- 
thesis. Further, the finding that the partial disruption of HKRl 
altered the axial budding pattern of haploid cells strongly sup- 
ports the idea that bud site selection of yeast cells is somehow 
related to the cell wall p-l,3-glucan synthesis. 

A series of BUD genes is required for proper bud site selec- 
tion. BUD1, BUD2, and BUD5 are necessary for establishing 
both bipolar and axial budding patterns, and BUD3 and BUD4 
play important roles in converting the budding pattern from 
bipolar to axial (11, 12). Since partial disruption oiHKRl gave 
rise to mixed population of cells exhibiting different budding 
patterns, HKR1 might affect the bud site selection not through 
BUD genes but by interacting with some other factors. 

By indirect immunofluorescence microscopy, we have also 
demonstrated that Hkrlp is localized predominantly on the 
cell surface. The cell surface localization of Hkrlp is depen- 
dent on the N-terminal signal sequence because the C-terminal 
half of Hkrlp existed uniformly in the cells. Since p-l,3-glucan 
synthase is also thought to localize in membranes (15, 27, 33), 
one possible mechanism of control of p-l,3-glucan synthesis by 
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HKR1 is that Hkrlp is associated with p-l,3-glucan synthase 
and regulates its activity. However, our preliminary experi- 
ments did not support this hypothesis; Hkrlp was not coim- 
munoprecipitated with Fkslp or Gsclp and was not copurified 
with p-l,3-glucan synthase activities. Thus, it seems likely that 
Hkrlp regulates cell wall p-l,3-glucan synthesis by an unknown 
mechanism that is independent of p-l,3-glucan synthase. In 
fact, overexpression oiHKRl upregulates cell wall p-l,3-glucan 
content without affecting p-l,3-glucan synthase activity (22). 

The level of full-length Hkrlp (250-kDa protein, indicated 
as HKR1 in Fig. 7) expressed by the GAL7 promoter was 
considerably lower than that of the C-terminal part of Hkrlp 
(110-kDa protein encoded by the 2.6-kb //mdIII-///ndIII frag- 
ment of HKR1, indicated as HKRl xr in Fig. 7), even though 
they were expressed under the same promoter. Since the levels 
of mRNA of full-length HKRl and 2.6-kb //wdlll-i/indlll 
fragment oiHKRl were almost the same (data not shown; also 
see reference 22), there seems to be a mechanism of regulation 
of Hkrlp expression at the posttranscriptional level. This post- 
transcriptional regulation of Hkrlp expression, if present, may 
also account for the low level of endogenous Hkrlp. 

Interestingly, hkrlAC cells became less susceptible to Cal- 
cofluor White, which is believed to bind mainly to chitin and 
interferes with cell division in S. cerevisiae (29). However, the 
amount of cell wall chitin was not reduced in hkrlAC cells 
compared to that of control HKRl cells (Fig. 3). According to 
the report of Kollar et al. (23), chitin synthase 3, which is a rare 
chitin synthase isozyme, is necessary for the formation of link- 
age between chitin and p-l,3-glucan. Therefore, we also exam- 
ined whether chitin synthase 3 activity is affected by the partial 
disruption oiHKRl by using nickel and cobalt ions (13) but did 
not find any significant difference between HKRl and hkrlAC 
cells. Thus, the resistance of hkrlAC cells to Calcofluor White 
cannot simply be explained by the reduction of cell wall chitin 
content or defect in p-l,3-glucan-chitin linkage but may be due 
to changes in the ratio of cell wall polysaccharides. In fact, the 
amount of alkali-soluble p-glucan (mixture of P-1,3- and P-1,6- 
glucan) was higher in hkrlAC cells than in control cells, while 




E F 



FIG. 8. Subcellular localization of Hkrlp. A451 cells harboring pMTHKRl 
(A, B, E, and F) or pMTHKRl tr (C and D) were cultured in medium containing 
galactose (A, B, C, D, and F) or glucose (E) and treated with the anti-Hkrlp 
antibody (A to E) or control rabbit immunoglobulin G (F) and then with FTTC- 
conjugated protein A. For more details, see Materials and Methods. 
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the amounts of alkali- and acid-insoluble p-l,3-glucan were 
greatly reduced by the partial disruption of HKRl (Fig. 4). 

We previously demonstrated that the replacement of Kpnl- 
Xbal region of HKRl with the LEU2 gene was lethal and 
concluded that HKRl was an essential gene (22). In this study, 
we have shown that insertion of the LEU2 gene at the BamHl 
site of HKRl did not affect the viability of cells. This result 
indicates that the region required for the essentiality of HKRl 
is located further 5' upstream of the BamHl site of this gene. 
Experiments involving the insertion disruption of HKRl at 
various restriction endonuclease sites suggest that the region 
essential for the viability of yeast cells is located near or within 
the repetitive sequence found in the gene. Although the phys- 
iological function of the repetitive sequence in HKRl remains 
to be established, it would be of interest to examine whether 
the deletion of the repetitive sequence of HKRl alone leads to 
the lethal phenotype of yeast cells. 

Hong et al. (20) isolated the KNR4 gene that renders S. 
cerevisiae cells resistant to HM-1 killer toxin and reported that 
the expected product of KNR4 was identical to Smllp, a known 
nuclear protein. Although there is no significant sequence ho- 
mology between HKRl and KNR4, disruption of KNR4, as in 
hkrlAC cells, leads to the decrease in p-l,3-glucan synthase 
activity and cell wall |5-l,3-glucan content. Therefore, it is 
speculated that KNR4 and HKRl function in the same pathway 
with regard to (3-1,3-glucan synthesis. 
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Abstract 

To investigate the molecular mechanism associated with the signaling pathway of platinum drug administration, we focused on 
the C 2 H 2 -type zinc finger (ZNF) transcription factor gene family. Here we show cloning of a Kruppel-type ZNF gene, HKR1, 
which contains KrUppel-associated box (KRAB) domain and ZNF motifs. We found that mRNA expression of the HKR1 gene 
was induced in lung-cancer cell lines by exposure to cisplatin using Northern blot analysis. Moreover, we also found that HKR1 
mRNA expression levels in lung cancers were higher than those in normal lung tissues, and that high expression levels in lung 
cancers were associated with antemortem platinum drug administration. These results suggest that HKR1 may be associated with 
the regulation of a signaling pathway involved in the progression of lung cancer or the acquisition of resistance to platinum drugs. 
© 1998 Elsevier Science B.V. All rights reserved. 

Keywords: Zinc finger motif; cDNA cloning; mRNA expression; Chemotherapy 



1. Introduction 

Since platinum drugs are some of the key drugs in 
lung-cancer chemotherapy, resistance to them is an 
important problem. Several mechanisms of resistance to 
platinum drugs, including increased levels of intracellu- 
lar glutathione (Fujiwara et al., 1990) and glutathione- 
related enzymes (Godwin et al., 1992; Goto et al., 1995), 
and decreased intracellular drug accumulation associ- 
ated with glutathione-S conjugate export pump activity 
(Ishikawa and Ali-Osman, 1993; Kurokawa et al., 1995), 
have been suggested. To examine the mechanism of 
platinum drug resistance in lung cancer, we previously 



* Corresponding author. Tel: 81-82-257-5817; Fax: 81-82-256-7104; 
e-mail: katoho@mcai.med.hiroshima-u.ac.jp 
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studied the gene expression levels of the determinants 
in relation to platinum drug resistance (Oguri et al., 
1998), and the results indicated that the acquisition of 
resistance to platinum drugs may be a result of the 
stress response of cancer cells. However, the molecular 
mechanisms of the signaling pathway of the stress 
response activated by exposure to platinum drugs are 
still uncertain. 

To identify the transcriptional factors that mediate 
the signaling pathway activated by exposure to platinum 
drugs, we focused on a C 2 H 2 -type ZNF transcription 
factor gene family. It has been proposed that each motif 
is folded around a central zinc ion to form an indepen- 
dent minidomain, and that the most common role of 
the ZNF motif is to serve as DNA-binding domain 
within a transcription factor (Klug and Schwabe, 1995). 

In this study, we screened the ZNF transcription 
factor genes induced in human lung-cancer cell lines by 
exposure to cisplatin using RT-PCR with degenerate 
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primers, and we identified the HKR1 gene (Ruppert 
et al., 1988) as a candidate gene involved in the stress 
response. Furthermore, we cloned the region containing 
the KRAB domain and ZNF motifs of HKR1 cDNA 
and examined the gene expression in lung cancers in 
relation to platinum drug exposure. 



2. Materials and methods 

2. /. Cell lines and cell culture 

A human lung adenocarcinoma cell line, PC-14 (Ohe 
et al., 1989), was maintained in RPMI 1640 medium 
supplemented with 10% fetal calf serum. For the induc- 
tion experiments, parental cells in the late-log phase 
were harvested and seeded into tissue culture dishes at 
a density of 5 x 10 s cells/ml. After a 1 h pre-incubation 
period, they were incubated with 5 ug/ml of cisplatin 
for 1, 4, 8 and 12 h. The cisplatin concentration and the 
duration of incubation were chosen as described pre- 
viously (Fujiwara et al., 1990). Cisplatin was obtained 
from Bristol Myers Co., Tokyo. 

2.2. Clinical samples 

Twelve autopsy samples (six adenocarcinomas and six 
corresponding normal lung tissues) from six patients 
with lung cancer who were admitted to Hiroshima 
University Hospital were studied. Four of the six samples 
were obtained from untreated patients, and two of the 
six patients were treated only by carboplatin during life. 
Fresh specimens of primary lung tumors and normal 
lung tissues were obtained during autopsy after written 
informed consent had been obtained. The tissues were 
frozen in liquid nitrogen and stored at — 80°C until they 
were analyzed. 

23. Isolation of full-length HKR1 cDNA 

The peptide sequences HTG(Q/H)KPF and 
CGRKFARS, which are conserved in the ZNF domain 
of EGR family, C 2 H 2 -type ZNF genes, were used to 
design degenerate primers for PCR-based cDNA cloning 
as described previously (Katoh et al, 1998). We used 
an upstream primer EG1 [5'-CA(CT)AC(ACGT)G 
G(ACGT)(GC)(AT)(ACGT)A(AG)(AG)CC(ACT)- 
TTCT) CA(AG)TG-3'] and a downstream primer EG2 
[5-GA(ACGT)C(CT)(ACGT)GC(AG)AA(CT)(C- 
T)T(CT)(CT)T(ACGT)(CG)(CG)(AG)CA-3'] to 
amplify ZNF genes from cDNA synthesized from the 
total RNA extracted from PC-14 cells that had been 
exposed to cisplatin. RT-PCR was carried out for 30 
cycles using the EG1 and EG2 primers. The thermal 
cycle consisted of denaturation at 94°C for 30 s, annea- 
ling at 42°C for 3 min and extension at 72°C for 1 min. 



The PCR products were then electrophoresed on a 6% 
polyacrylamide gel, removed from the gel and subcloned 
into plasmid vectors. 

To clone a full-length HKR1 cDNA, a cDNA library 
constructed from the poly(A) + RNA of a human leuke- 
mia cell line, CMK86 (Katoh et al., 1998), was screened 
using the PCR products derived from the HKR1 mRNA 
as the probes. This cDNA library was constructed using 
a cDNA synthesis kit (Amersham, UK) and a ZAP 
Express cloning kit (Stratagene, CA). The nucleotide 
sequence was determined by the dideoxy chain termina- 
tion method after cloning the cDNA into the pBK- 
CMV phagemid vector following its in vivo excision 
from the ZAP Express vector. 

2. 4. Chromosome localization of the HKR1 gene by using 
radiation hybrid panels 

The GeneBridge 4 Radiation Hybrid Panel (Research 
Genetics, Inc. Huntaville, AL) was used for chromo- 
somal localization of the HKR1 gene. PCR was per- n 
formed using a sense primer, 5'-CTCAGGAGACCA- 
GGAA A ATGGC-3 ' (154-176), and a reverse primer, , 
5'-TCCCCTCGCTCCAGCTGAGCAATG-3 / (357- I 
380). The PCR conditions were denaturation at 94°C 
for 30 s, annealing at 55°C for 30 s and extension at 
72°C for 1 min. 

2.5. RNA extraction and Northern hybridization 

Total cellular RNA was extracted from the cell lines 
or from the autopsy samples as described previously 
(Oguri et al., 1998). Northern blots of RNA extracted 
from the lung-cancer cell lines were hybridized with a 
probe specific for HKR1 (HKRUTR), which recognizes 
the 3 '-untranslated region of the HKR1 cDNA (nucleo- 
tide number 2071-2781), as described previously 
(Fujiwara et al., 1990). 

2.6. RT-PCR and quantification of PCR products 

The cDNA derived from the RNA extracted from the 
autopsy samples was subjected to PCR amplification 
using the HKR1 gene primers described above. Then, 
PCR for the HKR1 cDNA was performed for 28 cycles 
under the conditions described above. The PCR pro- 
ducts were electrophoresed, transferred to nylon mem- 
branes (Hybond N + ; Amersham), and hybridized with 
32 P-labeled cDNA probe as described previously (Oguri 
et al., 1998). The PCR products of the HKR1 gene 
described above were used as cDNA probes. We used 
P-actin gene as an internal control, and the sequence of 
PCR primers, the PCR procedure and a cDNA probe 
for p-actin gene were as described previously (Oguri 
et al., 1998). After washing, the radioactivity level was 
measured with a laser imaging analyzer (BAS-2000; Fuji 
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1 GGCGCGTTAAGCTGGTTGGGACCCGGGAAGGCCTCCCTCTTAAGGTCTTTCCCACACCTCTGCTCCTTGTTACCTGACTTTCGGCTTCAG 9 0 

1GALSWLGPGKASLLRSFPHLCSLLPDFRL0 30 

9 1 GATCCGCGGCGTGCACCCGCGTTCCATCTGTCTTCTGAGACTTTGCCCTTCTCCAGGAAGAGCACTCAGGAGACCAGGAAAATGGCTACA 180 

31 DPRRAPAFHLSSETLPFSRKSTQETRK©AT 60 

181 GGGCTCCTGAGAGCCAAAAAAGAGGCGT^CGTGGCATTCAGGGATGTGGCTGTGTACTTCACCCAGGAGGAGTGGAGGTTGTTGAGCCCT 27 0 

61 GLLRAKKEAFVAFRDVAVYFTQEEWRLLSP 90 

271 GCTC AG AGG ACCC T GC ACAGGG AGGTG ATGCTGG AGA CTT AT AACC ATCTGGTC TC ACTGG AAATTCC ATCTTCT AAAC C AAAACTC ATT 360 

91AQRTLHREVMLETYNHLVSLEIPSSKPKLI 120 

361 GCTCAGCTGGAGCGAGGGGAAGCGCCCTCGAGAGAGGAGAGAAAATGTCCACTGGACCTCTGTCCAGAATCGAAGCCAGAAATTCAACTT 450 

121 AQLERGEAPWREERKCPLDLCPESKPEIQL 150 

451 AGTCCCTCCTGCCCTCTGATTTTCTCCAGTCAGCAAGCTCTCAGCCA^ 540 

151SPSCPLIFSSQQALSOHVWLSHLSQLFSSL 180 

541 TGGGCAGGAAATCCTCTCCACCTGGGAAAACACTATCCAGAAGATCAGAAACAACAGCAGGATCCATTCTGCTTTAGTGGCAAAGCAGAA 630 

181WAGNPLHLGKHYPEDOKQQQDPFCFSGKAE 210 

631 TGGATTCAAGAGGGAGAAGACTCCAGACTCCTGTTTGGGAGAGTAAGCAAAAATGGCACTTCAAAGGCACTTTO 720 

211 WIQEGEDSRLLFGRVSKNGTSKALSSPPEE 240 

721 CAACAGCCAGCACAGTCCAAGGAAGACAACACAGTGGTGGATATAGGGTCCAGCCCTGAACGGAGGGCAGATCTAGAGGAAACAGACAAA 81 0 

241 QQPAQSKEDNTVVDIGSSPERRADLEETDK 270 

811 GTATTGCATGGTTTAGAAGTCTCAGGATTTGGAGAMTCAAATATGAAGAGTTTGGGCCAGGCTTTATCAAGGAGTCAA^ 900 

271VLHGLEVSGFGEIKYEEFGPGFIKESNLLS 300 

901 CTCCAGAAGACACAAACTGGGGAGACACCTTACATGTACACTGAGTGGGGAGACAGCTTTGGCAGTATGTCAGTCCTCATCAAAAACCCA 990 

301 L Q K T Q T G E T P Y M Y T E W G D S__F G M S V L I K N _P 330 

991 AGGAC AC ACTCTGGGGGAAAGCCTTATGTGTGCAGGGAATGTGGGYG AGGCT ' 1080 

331 RTHSGGKPY V_ C mm R f.„9..Ji . A „§„ J— ? — ft-.?... T — - 360 

1081 C ACTC AG G~GG A(^ G^ C AC A CTC k ' 1170 

361 HSGEKPYVC_K D_ C m G mm R, mm 9 mm J mmm J m .J*.. . K . ..§ Jl *1 J.. .5... s .__- 390 

1181 GGGC TC AAGCCTTATGTOT GGCGC AC ACT GGGGAG* 1260 

391 GLKPYVCKECGQ^SFSLK S N_L I . H ..9-.-^..«..--- J...9..£... 420 

1271 AAGCCTTaYgTTTC^ 1350 

421 K P Y V C R E_C G 9 ^ mm Ji mm f mm ^ mm Sl m Ji mm S mmm H mm L mm y mm R mm H mm JK mm R m JT mm H mm S G.J„R,.P.... 450 

1351 TAC ATTTGC'aGGGAGTGTGAG 1440 

451 Y I C R E C E g_G._ F, „S_& ..K.-A „$ mm Ji J„_.R_. H. mm L mm R mm J mm Ji__T__G _ E^K_ P__Y_ Jtf _ _ 480 

1441 TG'cACAGAATGTGGGCGTCACT^ 1530 

481 CTECGRHFSWKSNLKTHQ'rTHSGV^K C 510 

1531 GA GTG C GGG C AGTG C TT"TAG C cYg" AA G T"c" AAACC AAC'aAA C A^f C AG AGGT C ACTAC AC G*GGGGXg"aA GClfA^TT TGT A T GTA C G G AG*f G T* 1620 

511 ecgqcfslksnlnkhqrsht g bi e >p k m p .F..y._ £ .-7 E C 540 

1621 GGGCGAGGC'TTCA^ 1710 

541 GRGFTRKSTLITHQRTHSGEKPFVCAECGR 570 

1711 GGCTTTAATGATAAGTCCACCCTCATTTCACACCAGAGGACACATTCAGGGGMAAGCCT^ 1800 

571 GFNDKSTLISHQRTHSGEKPFMCRECGRRF 600 

1801 CGGCAGAAGCCTAACCTGTTTAGGCACAAGAGGGCACACTCAGGTGCCTTTGTCTGCAGGGAGTGTGGGCAAGGCTTTTGTGCTAAGTTA 1890 

601 RQKPNLFRHKRAHSGAFVCRECGQGFCAKL 630 

1891 ACTCTC ATTAAACACCAGAGAGCACACGCAGGGGGGAAGCCTCATGTGTGCAGGGAGTGTGGGC AAGGCTTTAGCCGGC AGTCACACCTC 1980 

631 TLI KHQRAHAGGKPHVCRECGQGFSRQSHL 660 

1981 ATTAGACACCAGAGGACACATTCAGGAGAGAAGCCTTATATTTGCAGAAAGTGTGGACGGGGCTTTAGTCGGAAGTCCAACCTTATCAGA 2070 

661 IRHQRTHSGEKPYICRKCGRGFSRKSNLIR 690 

2071 CATCAGAGGACAC ACTC AGGATAGAAACTTTATGTGT ATAGGGAATGTGGTACAGCCTTTAGCCAGGAGTCATACTTCATCAGACACCAG 2160 

691 HQRTHSG* 

2161 AGGAC AC AC AC AGTGCTGTGGCTTTTTCAGCCATTGCTAGATACCAAAGTGGAGACATTCTGTGTGTGATTATGCATGAGACTGTACTGG 2250 

2251 TAAGACTTGTATCTCCATCCACCTGAAGGAGAATTGCTGGCTCATTTTC AGGAGCCCTGCCCTTCCTCACTGTGGATGGTGGGTTGTGGA 2340 

2341 AACCCGGTCAGGTAATGATAGTGGCAGGAGOCAGTCAAATGCCCAGGCAGATAGGGGTGGGTACCTGGTGAAACCCAACCTTAAAGCTGA 2430 

2431 AGACAGTCC CGGCTAAATCCTCATACTGAATTGAGMCCTGTCTTCCCATTTGGTGTGCTTTCCTCCGATTGATCCCAACCCTTCACCTA 2520 

2 521 TTTTACGTATACCTGCCCTTTCCTAATTGGTTTTTACACTGCTG^ 2610 

2611 CGTGTATTCCCCTATTCTGAGCCCATAAAAGACCCAGACTCAGCTGCAGTGAGGAGAGAAATCACCCTGCTGTGGAGGTTGGGGACCACT 2700 

2701 CCCTGCATCCCCTCTCCACTGAGAGCTGTTCTTTTGCTC AAT AAA A TTC TTTTC TAC CC ATC CTCAC CC TAAAAAAAAAAA 2781 



Fig. 1. Nucleotide sequence of HK.RI cDNA and amino acid sequence of the deduced protein. A possible polyadenylation signal is underlined. A 
possible initiator methionine is marked by a open circle. The dashed line sequence was cloned previously (Ruppert et al. t 1988). The cDNA 
seoioKDce has yxen syfommcb )o DDW/EMXl/GerrSsnk Z>M4 database with ENTRY W 9805(3tfflSQ2.2Z239. 



FfaAo Fftm, Tofcyo). TVie radioactivity associated wifh 
gene expression in each sample was expressed as the 
yield of the HfCRl gene relative to that of the p-actin 
gene. Then the filters were exposed to X-ray film (Fuji 
PhcAo Film, Japan) at -8©°C. 



3. Results 

3.7. Identification of HKR1 CDNA 

To clone ZNF genes showing increased roKNA expres- 
sion levels after exposure to platinum drugs, RT-PCR 
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AKK£AFVAFRBVAVYnQHEWRLLSPAQRTU{REVHLETYHBLVSLEI PSSKPKLXAQLBR6EAPW 

MAFRDVAVDrr^DSWRLLSPAQRTLyRffVMLTOJySKLVSLGISFSKPELIT^ 

AK P Q E SVT rKDVAVNTTQ KKWHH VG P AQR S L YRSVMLKNYNH LVS LGY Q VSKPEV I FKLE QGE EPW 



(B)ZNF motif 

HKRl RTBS0GKPVVCREC6R0rTWKSm l IT&QRTlsOEKPw£KI^ 

ZN7133 KAHSOEKP IVCRECGRGFNRKSTLX IHERTHSGKKPYMCSECORGFSQKSHLI IEQRTHSGEKPYVCKECG 

ZNT84 RTHTOEKPYGC^COBAFSEKBmiOTQRIHTOma>FECRECOKAFSRKSQLVTHHB^ 

402 473 

BKRl QS FSLKSNLXT&QRAHTGEKVVVCRE^RGniQHSHLVR^^ rIlRT 

ZNF1 3 3 KGFSQKSAWRHQRTHLEEKTI vcsdcolof sdrsnli SHQRTHSOEKPYACKBCGRCTRQRTTIiVNHQRT 

ZNFB4 KAFFEKfl ELI RHQTI HTQKKPYECSECRKAFRER3 SLINHQ RTH ' 1 ' OEKP HGCI QCGKAFB QKSHLX SHQMT 

HKRl &TOEKPYVCTECGRHrSWKI^LKTfiQRl^ 

ZN7133 BSKEKPYVCGVTOHSFSQNSTLISBRRTHTOE!WYVCGVOORGFSLKSHUVRHQNIHS(^^ 

ZNFB4 HTGElU>FICSKCGKArSRXSQLVRHQRTHTaE!^ 

HKRl FTRKSTLI TBQRTHSOEKPFv£ab£gROFNDKSTL I SEQRTHSGEJO^FM^RE^GRRFRQKPNLFRHKRAfis 

zn713 3 fsqqsnlirhqrthsgkjrpmvcgecororsqksnlvah^ 

znfb4 fcqkshlz shqrthtoekpyecstcgkafgekssijvteqrthtgekpyecrix:ekafsqksqlnthqriht 



Fig. 2. Comparison of the (A) KRAB domain and the (B) ZNF motif of the HKRl gene with those of other ZNF proteins. Bold letters indicate 
the amino acid residues identical to HKRl. Asterisks indicate the cystein and histidine residues conserved for ZNF motif. 



was performed on the cDNA of PC-14 cells had been 
exposed to 5 ng/ml of cisplatin for 4 h, by using the 
degenerate primers EG1 and EG2. Several cDNA bands 
were detected by electrophoresis on a 6% polyacrylamide 
gel (data not shown). The PCR product in each band 
was eluted from the gel and subcloned into a plasmid 
vector. Northern blot hybridization analysis using the 
PCR products as probes revealed that the mRNA level 
of one clone, 85RH-2, was increased in PC-14 cells after 
exposure to cisplatin (data not shown). Nucleotide 
sequencing of 85RH-2 revealed that the clone was exactly 
identical to the human HKRl gene (Ruppert et al, 
1988). This finding suggested that 85RH-2 was a cDNA 
fragment derived from the HKRl gene. 

3.2. Cloning of a full-length HKRl cDNA 

To clone a full-length cDNA, approx. 5 x 10 5 plaques 
of a cDNA library derived from CMK86 cells was 
screened with the cDNA fragment of HKRl as a probe. 
Three clones were isolated by the screening. Nucleotide 
sequencing of the longest clone revealed that the clone 
consisted of 2783 nucleotides, and that its deduced 
protein was composed of 697 amino acids (Fig. 1). We 
were unable to identify a definite initiator codon, but a 
candidate initiator methionine codon was located at 
codon 58 and was surrounded by a Kozak's consensus 
sequence (Kozak, 1991). This methionine site was fol- 
lowed by KRAB-A box and KRAB-B box. The protein 



had 13 consecutive repeated ZNF motifs at its 
C-terrninus. The 120 N-terminus amino acids, including 
the KRAB domain, of the deduced protein showed high 
homology with human ZNF protein ZNF133 (73%) and 
with the mouse ZNF protein NK10 (62%) (Vissing 
et al., 1995; Lange et al., 1995). Furthermore, the 367 
C-terminus amino acids, including the ZNF motifs, of 
the deduced protein showed high homology to human 
ZNF protein ZNF133 (64%) and ZNF84 (60%) (Vissing 
et al., 1995; Bellefroid et al., 1989; Fig. 2). 

We determined the chromosomal location of HKRl 
by using radiation hybrid panels. The database analy- 
sis showed that the HKRl gene was very close to 
the chromosome maker D19S881 at chromosome 
19ql2-13.1 (data not shown). 

3.5. Northern blot analysis 

To confirm that HKRl expression is induced by 
platinum drugs, we exposed PC-14 cells to cisplatin 
before Northern blot analysis, using a probe specific for 
HKRl. The results showed that the expression of HKRl 
mRNA (3.0 kb) was induced by cisplatin in PC-14 cells 
(Fig. 3). 

3. 4. RT-PCR of lung-cancer cell lines and autopsy 
samples 

First, we examined the PCR amplification using 
RNAs derived from all samples without reverse tran- 
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PC-14 



C 1h 4h 8h 12h 





HKR1 



28S 



18S 



Fig. 3. Expression of HKRl mRNA in PC-14 cells and their cells 
exposed to cisplatin by Northern blot analysis. 28S and 18S ribosomal 
RNAs stained by ethiduum bromide were used as an internal control. 
C: cells not exposed to cisplatin; lh-12h: cells incubated with 5 ug/ml 
of cisplatin for 1 , 4, 8 and 1 2 h. 

scription reaction, the PCR products were not detected 
in all samples. Then, we examined HKRl mRNA 
expression in PC-14 cells and in PC-14 cells exposed to 
cisplatin using quantitative RT-PCR. The PCR product 
of 227 bp derived from HKRl mRNA was detected by 
Southern blot analysis. As shown in Fig. 4A, HKRl 
mRNA expression was induced by platinum drugs. 



Furthermore, we measured and compared the HKRl 
expression levels in four lung adenocarcinomas and the 
corresponding normal lung tissues under the same 
RT-PCR condition. These tissues were not exposed to 
chemotherapeutic agents during life. The results show 
that HKRl expression levels in lung cancers were higher 
than those in normal lung tissues (Fig. 4B). We also 
examined two lung adenocarcinomas from patients who 
were treated only with platinum drugs during life. The 
HKRl expression levels in the platinum drug-exposed 
tumors increased approximately 3-fold compared to 
those in tumors not exposed to platinum drugs ( Fig. 4B). 



4. Discussion 

In this study, we cloned the HKRl gene cDNA, 
which we used to demonstrate that HKRl gene expres- 
sion levels were elevated in lung cancer specimens and 
that HKRl expression is induced by platinum drugs. 

We found that the HKRl gene belongs to the 
Krtlppel-type ZNF gene family, which contains both 
the KRAB-A and KRAB-B boxes. KRAB domain 
usually locates at the N-terminus of the KrUppel-type 
ZNF gene family. Therefore, a methionine that we 
observed at codon 57, upstream from a KRAB domain, 
might be a candidate initiator codon. Previously, it was 
reported that one-third of the KrUppel-type ZNF genes 
serve KRAB-A and KRAB-B boxes (Bellefroid et al., 
1991), and that the KRAB domain mediates transcrip- 
tional repression (Witzgall et al., 1994, Margolin et al, 




(A) PC-14 cells RT-PCR 

C 1h 4h 8h 

HKR1 
p-actln 

(B) Clinical Sample RT-PCR 
Casel Case2 Case3 Case4 Cases Case6 

i n N r T 

HKR1 

0-actin 

Fig. 4. HKRl mRNA expression by RT-PCR. (A) PC-14 cells and PC-14 cells exposed to cisplatin. C: cells not exposed to cisplatin; lh-8h: cells 
incubated with 5 ug/ml of cisplatin for 1, 4, 8 h. (B) Eight autopsy samples of four adenocarcinomas and four corresponding normal lung tissues 
from antemortem untreated patients (case 1-case 4), and four autopsy samples of two adenocarcinomas and two corresponding normal lung tissues 
from patients medicated only with carboplatin in life (cases 5 and 6). N: normal lung tissue; T: adenocarcinoma. P-actin was used as an internal 
control. 
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1994). However, the functions of the HKR1 remain to 
be elucidated, although ZNF133, which shows high 
homology to HKR1, was demonstrated to mediate 
transcriptional repression (Vissing et al., 1995). 

The present study demonstrated that the HKR1 
expression levels in lung-cancer tissues were higher than 
those in normal lung tissues. We confirmed that the 
HKRI gene is located on chromosome 19q (Ruppert 
et al., 1988); an increased copy number of genes located 
at chromosome 19q was implicated in advanced ovarian 
cancer and advanced cervical cancer in comparative 
genomic hybridization studies (Arnold et al., 1996; 
Heselmeyer et al., 1997). Although we have not done 
Southern blot analyses on the DNA from our clinical 
samples because of obtaining small amounts of tissue 
for DNA extraction, these results indicate that HKRI 
might be involved in oncogenesis or in the progression 
of cancers. 

Furthermore, we demonstrated induction of HKRI 
gene expression by platinum drugs in lung cancer, both 
in vitro and in vivo. Although the intervals between the 
last platinum drug dose and death of the patient were 
4 and 5 months, it has been demonstrated that platinum 
persists in tissues from several months to years after the 
final dose (Tothill et al., 1992). This platinum persistence 
may induce chronic overexpression of HKRI mRNA. 
We have found that expression of mRNA for y- 
glutamylcysteine synthetase, the rate-limiting enzyme of 
glutathione synthesis, was associated with platinum drug 
exposure in the samples of examined in this study, and 
that y-glutamylcysteine synthetase expression was 
induced by platinum drugs (Oguri et al., 1998). 
Although, it remains uncertain whether HKRI is associ- 
ated with the induction of mRNA by platinum drugs, 
and whether HKRI is concerned with the resistance to 
or metabolism of platinum drugs by cancer cells, the 
HKRI gene may mediate the stress response of lung- 
cancer cells to exposure to platinum drugs. Further 
studies are required to clarify the association between 
HKRI mRNA overexpression and platinum drug resis- 
tance and/or metabolism. 
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Abstract Mutant clones of Chlamydomonas reinhardtii 
defective for potassium transport were isolated and 
characterized. Of the four genes identified, three - TRK1, 
TRK2 and TRK3 - encode high-affinity transport 
functions, and one gene, HKRI, encodes a low-affinity 
transport function. Characterization of the potassium 
dependence of recombinants possessing two mutant trk 
alleles suggests that the protein products of TRK2 and 
TRK3 interact functionally, and that TRK1 may serve a 
regulatory function. The mutant clone defective for a low- 
affinity potassium transporter was isolated by mutageni- 
zing trk2-l cells, which lack a functional high-affinity 
transporter, and screening surviving cells for dependence 
on very high potassium concentrations. The hkrl pheno- 
type is expressed only in the presence of trk2~L 

Key words Chlamydomonas reinrardtii • Potassium 
transport • Membrane transport • Transport mutant 



Introduction 

Potassium is the major monovalent cation in plant and 
algal cells, and it is essential for a number of funda- 
mental cellular processes, including protein synthesis, 
osmoregulation and regulation of membrane potential 
(Leigh and Wyn-Jones 1984). Given its importance to 
cell function, it is not surprising that the transport of 
potassium is highly regulated. It is generally accepted 
that there are at least two transport systems which 
operate in parallel in the plasma membrane (Epstein 
1973). These systems have been defined kinetically as 
high-affinity transport and low-affinity transport. The 
high-affinity system exhibits typical Michaelis-Menten 
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transport kinetics, but the kinetic behavior of the low- 
affinity system has been regarded as non-saturating 
(Kochian and Lucas 1988). The interplay of these sys- 
tems is thought to provide the plant cell, which may 
encounter a wide range of environmental potassium 
concentrations, with the regulatory flexibility necessary 
to maintain homeostatic concentrations of cellular po- 
tassium (Maathuis and Sanders 1997). 

In recent years, molecular and electrophysiological 
studies have provided considerable insight into the 
mechanisms and regulation of potassium transport. 
cDNA clones for both low-affinity (Anderson et al. 
1992; Sentenac et al. 1992) and high-affinity 
(Schachtman and Schroeder 1994; Kim et al. 1998; Fu 
and Luan 1998) potassium transporters have been 
isolated. Additional molecular studies indicate that 
these cDNA clones are members of multi-gene families 
and that the expression of these genes is modulated 
(Cao et al. 1995; Kim et al. 1998). Patch clamp studies 
have been done on root hair protoplasts and on frog 
oocytes expressing plant potassium transport proteins. 
These studies have demonstrated that the low-affinity 
transporter is an inward rectifying K + channel 
(Schachtman et al. 1992; Gassman and Schroeder 
1994) and that the high-affinity transporters operate 
either as a K + /H + or K + /Na + symporters (Maathuis 
and Sanders 1994; Rubio et al. 1995). 

Despite the remarkable progress in our understanding 
of potassium transport in plants, there may be limits to the 
information that current molecular approaches can pro- 
vide. Specifically, genes that regulate expression of po- 
tassium transporters or genes that encode heteromeric 
potassium transporters would be missed in screens that 
employ cDNA complementation of potassium transport- 
defective yeast. The use of Chlamydomonas reinhardtii to 
study potassium transport, however, may provide a 
means for overcoming the limitations of current molecu- 
lar studies, as well as providing additional comparative 
data that should complement studies in higher plant 
systems. Chlamydomonas, like higher plants, has been 
reported to exhibit biphasic kinetics of uptake, and 
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the lower-affinity system appears to be non-saturating 
(Malhorta and Glass 1995). However, this single-celled 
green alga represents a simpler experimental system, in 
that it lacks the various tissues and intergrated organ 
systems present in higher plants. Perhaps its most signi- 
ficant feature is the ability to isolate mutant clones de- 
fective for transport, which should make possible the 
identification and cloning of genes that would be missed 
by cDNA complementation of yeast or bacterial trans- 
port-defective mutants. The genetic analysis of potassium 
transport-defective mutant clones isolated previously 
(Polley and Doctor 1985) and for this study, are reported 
here. The data obtained from these analyses support the 
conclusion that at least two transport systems, a high- 
affinity and a low-affinity system, operate in Chlamydo- 
monas. The high-affinity system is encoded by at least two 
genes, and the mutation in one clone, KDP4, is associated 
with a phenotype consistent with altered regulation of 
potassium transport. 



Materials and methods 

Strains 

All strains used in this study were obtained from the Chlamydo- 
monas Genetics Center (Duke University, Durham, N.C.). The 
original potassium transport-deficient mutant clones KDP1, KDP2 
and KX>P3 were obtained by UV mutagenesis of the wild-type 
strain R3 + NM (Polley and Doctor 1985). The mutant alleles 
trk2-2 and trk3 in clones KDP2 and KDP3, respectively, were 
subsequently rescued from meiotic lethal mutations in R3 + NM by 
crossing mutant strains to the wild-type strain 137c (Chlamydo- 
monas Genetics Center strain CC125) and subsequently back 
crossing survivors with the trk phenotype to CC125. These back 
crosses were carried out for seven generations. Following the same 
UV mutagenesis protocol, the transport-deficient clones KDP4 
(trk J) and KJDP5 (trk2-l) were isolated from strain CC125. Strain 
DP2 {trk 2-1 actl mt-) is a recombinant from a cross between KDP5 
(trk2-l mt + ) and CC1680 (act! ac80 mt-). Mutant clones 10KDP1 
and 50KDP1 were isolated after UV mutagenesis of DP2. 

Media and growth conditions 

Cells were grown axenically at 25° C under continuous illumination 
either in aerated liquid cultures or on medium solidified with agar. 
Medium OKON is a modification of TRIS-acetate-phosphate me- 
dium (TAP medium) that has only trace amounts of potassium and 
sodium (Polley and Doctor 1985). The potassium requirement of 
mutant clones was determined by measuring the rate of growth in 
0K0 N supplemented with different concentrations of KC1. Cell 
growth was monitored by absorbance at 560 nm. Absorbance is 
directly proportional to cell number, and the same correlation be- 
tween cell number and absorbance exists for cells grown in media 
containing different concentrations of potassium. 

Mutagenesis and genetic analysis 

Four milliliters of DP2 cells grown to a density of approximately 
5 x 10 6 cells/ml were placed in a 4.5 cm petri dish and exposed to 
UV irradiation for 90 s in a Stratagene UV Crosslinker. After 
exposure, cells were grown overnight in the dark to fix the muta- 
tion. The cells were then plated on either 10KON or 50K0N (OKON 
medium supplemented with 10 or 50 mM KC1, respectively). Ap- 
proximately 5-10% of the cells survive UV irradiation, and these 
were screened by replica-plating either to IKON (OKON supple- 
mented with 1 mM KC1) or to OKON solidified with purified agar 



(Difco Laboratories, Detroit, Mich., or BBL Becton Dickinson 
Microbiological Systems, Cockeysville, Md.). Mating, tetrad 
analysis and complementation were done as described by Harris 
(1989). 

Potassium transport studies 

Potassium transport by wild-type and mutant clones was charac- 
terized by following the uptake of 86 Rb as previously described 
(Polley and Doctor 198 5). 86 Rb was employed because its half-life 
is significantly longer than that of 42 K (18.8 days versus 12 h). Cells 
grown to a density of 2-4 x 10 6 cells/ml were incubated in OKON 
containing 0.33 uCi 86 Rb and different concentrations of RbCl. 
Cells were collected on Gelman 0.8 uM cellulose acetate filters after 
a 5-min incubation, and then washed three times with unlabeled 
OKON. The amount of label taken up by the cells was determined 
by scintillation spectrometry. 



Results 

Analysis of a high-affinity potassium transporter 

Wild-type cells of Chlamydomonas grow equally well 
in the presence of potassium concentrations ranging 
from 50 uM to 5.0 mM. Potassium transport-deficient 
mutant clones were initially isolated by their depen- 
dence on potassium concentrations greater than 
0.1 mM; at concentrations of 0.1 mM potassium or 
less, these cells grow poorly (Polley and Doctor 1985). 
Since that initial report, two additional mutant clones, 
KDP4 and KDP5, were isolated by the same proce- 
dure. Their growth rates as a function of potassium 
concentration are shown in Table 1 and are compared 
to those of the wild type and KDP3r, a mutant clone 
derived from the rescue of the original KDP3 clone. 
This dependence on greater concentrations of potas- 
sium to sustain wild-type growth rates was shown to 
correlate with altered kinetics of potassium transport 
(Polley and Doctor 1985; see Table 4). 

The potassium-dependent clones were characterized 
genetically by complementation (Table 2) and by tetrad 
analyses (Table 3). The complementation data demon- 
strate that there are at least three trk (/ransport of AT) genes 
and that they are completely recessive to their wild-type 
alleles. Tetrad analysis of various crosses shows that the 
trk loci are unlinked: trkl is on linkage group X, trk2 is on 
linkage group II between pfl8 and nic2, and trk3 is closely 
linked to pf!5 on linkage group III. 

In an effort to acquire additional insight into the 
functional relationship between the trk alleles, double 
mutant recombinants were constructed, and their 
growth rates were determined as a function of potassium 
concentration (Table 1). The growth rates of clones 
KDP3r, KDP5, and DP7 at the different potassium 
concentrations are very similar; this indicates that the 
protein products of TRK2-1 and TRK3 probably inter- 
act functionally. Clone KDP4, by contrast, exhibits a 
hypomorphic or "leaky" potassium-dependent pheno- 
type. While it grows at a slightly reduced rate in 1.0 and 
0.5 mM KC1, it grows at a higher rate in 0.05 mM KC1 



Table 1 Growth rates of wild-type and mutant clones at different potassium concentrations 



Clone Allele Growth rates a 







5.0 mM KC1 


1.0 mM KC1 


0.5 mM KC1 


0.1 mM KC1 


0.05 mM KCI 


CC125 


TRK 


7.5±0.5 


7.7±0.9 


8.1 ± 1.1 


7.9 ±1.0 


7.3 ±2.0 


KDP3r 


trk3 


7.5 ±0.6 


7.4±0.3 


7.3 ±0.8 


2.5 ±1.8 


0.5±0.5 


KDP4 


trkl 


6.1 ±0.6 


4.7±0.7 


3.9 ±0.8 


2.6 ±0.9 


1.8±0.8 


KDP5 


trk2-l 


7.5±0.5 


6.9 ±1.0 


6.4±1.1 


3.4±2.3 


0.3 ±0.5 


DP3 


trkl trk2-l 




3.1 ±0.6 


2.6 ±1.0 


0.7 ±1.0 


0.5±0.8 


DP5 


trkl trk3 




4.4 ±0.3 


3.9±0.3 


0.0 


0.0 


DP7 


trk2-l trk3 




6.4±0.5 


5.7±0.8 


2.6±0.7 


0.5 ±0.7 



"Growth rates are expressed in terms of the growth rate constant time of about 9 h; a growth rate constant of 2.5 x 10~ 2 gives a 

k x 10~ 2 . The constant k is determined from the expression doubling time of about 28 h. The values shown are the means and 

A t = A 0 t kt , where A is the absorbance at 560 nm and t the time in h. standard errors of three experiments 
A growth rate' constant of 7,5 x 10" 2 is equivalent to a doubling 



than does either KDP3r or KDP5. Recombinant clones 
DP3 and DP5 exhibit similar growth rates at different 
potassium concentrations, and the overall phenotype for 
each is a combination of those seen with each mutant 
allele, i.e. trkl + trk2-l (DP3) and trkl + trk3 (DPS). 
This suggests that the protein product of TRK1 does not 
interact directly with the product of TRK2-1 or of TRK3 
(see Discussion). 

Since the initial kinetic studies were conducted with 
strain R3 + NM, or cells derived from it, analysis of 
rubidium transport kinetics was repeated on cells with a 
137c genetic background (Table 4). The kinetics of po- 
tassium/rubidium transport in wild-type Chlamydomo- 
nas change in response to the potassium concentration 
of the medium (Polley and Doctor 1985; Malhorta and 
Glass 1995). These previous studies demonstrated that 
when wild-type cells are starved of potassium for 1 8 h, 
the transport capacity (F max ) increases approximately 
10- fold over that of cells grown in potassium-containing 
medium. Starved cells also exhibit an ability to dis- 
criminate between rubidium and potassium (Polley and 
Doctor 1985). This discrimination is indicated by an 
increase in the K m for rubidium and a decrease in the K m 
for potassium, i.e., starved cells have less affinity for 
rubidium and a greater affinity for potassium. The ki- 
netic analyses of rubidium transport reported in this 
study are consistent with the earlier studies. In com- 
parison with wild-type cells, the mutant clones exhibit 
altered kinetics when grown in potassium-replete medi- 
um; clones KDP3r and KDP5 have a reduced affinity for 



rubidium (a greater K m ), while clone KDP4 shows a 
K max that is reduced by half. When starved of potassi- 
um, KDP4 exhibits "non-induced" kinetics, i.e. there is 
no increase in K max ; in contrast, the uptake of rubidium 
by KDP3r and KDP5 is so low that reliable kinetic 
analysis is not possible, at least by the methods used in 
this study. 



Genetic evidence for a low-affinity potassium 
transport system 

Plants and algae are known to possess two general types 
of potassium transport systems (Epstein 1973). The first 
is a high-affinity system that exhibits typical Michaelis- 
Menten kinetics. The second is a low-affinity system that 
exhibits apparently non-saturating or linear kinetics, 
and is believed to be mediated by a potassium channel 
(Kochian and Lucas 1988). Malhorta and Glass (1995) 
recently reported evidence from kinetic studies for a 
non-saturating potassium transport system in 
Chlamydomonas that operates at potassium concentra- 
tions higher than 1 mM. 

In order to obtain additional insight into the nature 
of the low-affinity transport system, mutagenesis screens 
were performed to identify genes that encode this ac- 
tivity. It was initially assumed that mutant clones de- 
fective for a low-affinity transport system would exhibit 
a greater dependence on potassium (i.e., require more 
than 1 mM KCI) than the irk mutant clones, and that 



Table 2 Growth rates in 0.1K0N medium of diploid cells bearing different combinations of trk mutations 



Allele Growth rate 3 





trkl 


trk2-l 


trk2-2 


trk3 


TRK 


trkl 


n.d. 


7.3 ±1 


8.1 ±0.4 


8.1 ±0.4 


7.4±0.3 


trk2-l 




2.0±1 


L9±0.6 


8.0±0.4 


8.0±0.5 


trk2-2 






0.0 


7.6±0.1 


7.7 ±0.4 


trk3 








0.0 


7.8 ±0.4 


TRK 










7.7 ±0.2 



a The growth rates of cells grown in 0. 1 mM KCI are expressed as in Table 1 . The values shown are the means and standard errors of three 
experiments, n.d., not determined 



Table 3 Tetrad analysis of crosses 



Cross Alleles 3 



Linkage Linkage Linkage 

group II group III group X 



pfl8 nic2 actl acl2 pfl2 acl7 pflS y7 nic23 



DP2xCC1715 55:0:8 55:0:9 36:0:27 

KDP5xCC1020 25:0:26 34:0:18 

KDP5xCC1680 16:0:12 

KDP3rxCC975 29:0:42 9:16:46 

KDP3rxCC258 29:0:4 
KDP3rxCC1737 12:0:16 12:0:12 

KDP4xCC975 18:16:16 25:1:26 



a The data are presented as parental ditype (PD):nonparental ditype (NPD):tetratype(T). Linkage is established when PD exceeds NPD 
and map distances were determined using the formula 6NPDxT 



expression of this phenotype would be possible only in a 
trk background (i.e. in a genetic background defective 
for high-affinity transport). 

Cells of strain DP2 were mutagenized by UV irradia- 
tion, and surviving cells were plated on 10K0N and 
50K0N. Approximately 1000 clones that grew on each 
medium were selected for screening and were replica 
plated onto IKON solidified with purified agar. Of the 
1000 clones from 10K0N, five failed to grow or grew 
poorly on IKON. Of the 1000 clones from 50K0N, eight 
failed to grow or grew poorly. One mutant clone which 
exhibited the clearest dependence on potassium concen- 
trations greater than 1 mM was selected from each 
screen. These clones were designated 10KDP1 and 
50KDP1, respectively, and their growth rates as a func- 
tion of potassium concentration are shown in Table 5. 
Clone 10KDP1 exhibits wild- type growth rates at potas- 
sium concentrations greater than 5 mM; this requirement 
is specific for potassium and cannot be supplied by sodi- 
um (data not shown). The phenotype of 50KDP1 is, by 
contrast, more complex. While it requires potassium 
concentrations greater than 10 mM in order to grow, this 
requirement may be partially fulfilled by medium of high 
osmolarity , and it appears, therefore, to be a mutant clone 
that is defective in some aspect of osmoregulation. 

Clone 10KDP1 was crossed to wild type in order to 
map the hkrl (high K + requiring) allele relative to the 



trk2-l allele. The four possible genotypes produced by 
this cross, however, resulted in only three phenotypes. 
Cells that grew on 0K0N medium solidified with purified 
agar and supplemented with 10 uM KC1 were defined as 
having a low potassium phenotype. Cells that grew on 
plates containing 1 mM KC1 were defined as being of 
intermediate potassium phenotype; whereas cells that 
grew on 10 mM KC1 plates only were defined as high 
potassium phenotype. Of the four progeny genotypes, 
only the phenotype of the recombinant TRK2-1 hkrl 
was not established from previous experimental work 
(see Table 6). It was concluded, however, that this re- 
combinant must have the low potassium phenotype be- 
cause in tetrads that exhibit all three phenotypes among 
the progeny, there were twice as many progeny with the 
low potassium phenotype as there were with the high or 
intermediate potassium phenotype. These data indicate 
that the TRK2-1 allele is epistatic to hkrl, and tetrad 
analysis shows that the hrkl is inherited as a simple 
Mendelian locus that assorts independently of the trk2-l 
locus (see Table 6). Efforts are currently underway to 
map the HKR1 locus. 

Crosses between 50KDP1 and wild type have to date 
resulted in few viable zygotes, and those that did ger- 
minate did not produce complete tetrads. The exact 
nature of the 50KDP1 phenotype and the position of its 
mutant allele await further analysis. 



Table 4 Kinetics of 86 Rb uptake 

Clone Allele Non-starved cells" K-starved cells" 



CC125 TRK 0.59±0.1 26±1 0.93 1.6±0.2 200±12 0.95 

KDP3r trk3 2.8 ±0.3 36 ±8 0.64 n.m. 

KDP4 trkl 0.51 ±0.1 10±1 0.74 2.0±0.7 11 ±3 0.55 

KDP5 trk2-l 2.8 ±0.3 60 ±5 0.93 n.m. 



"The kinetic constants K m (mM RbCl) and K max (nmol Rb/h-10 6 
cells) are shown for wild-type and mutant clones grown in 10K0N 
(non-starved cells) and for cells shifted at mid to late log to 0K0N 
and grown for 1 8 h (K-starved cells). The uptake rates are averages 



for four experiments in the case of CC125 and for two experiments 
for the each of the mutant clones. The kinetic constants and their 
standard errors were determined by linear regression of plots of V 
against V/S (Neame and Richards 1972). n.m., not measurable 
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Table 5 Growth rates of clones 10KDP1 and 50KDP1 



Clone Alleles Growth rate 3 

50 mM KC1 25 mM KC1 10 mM KC1 5 mM KC1 1 mM KC1 10 mM 

KC1 + 40 mM 
glucose 



DP2 trk2-l HKR1 7.6±0.2 n.d. 8.0±0.3 n.d. 7.0±0.1 7.1 ±0.3 

10KDP1 trk2-lhkrl 6.2±0.3 n.d. 7.0±0.3 5.2±0.6 0.0 n.d. 

50KDP1 trk2-l ? 7.3±0.1 5.6±0.6 1.7±1.3 0.0 0.0 4.8±0.2 



"The growth rate is expressed as described in Table 1. The values shown are the means and standard errors of three experiments, n.d., not 
determined 



Discussion 

The genetic evidence presented here supports the con- 
clusion that Chlamydomonas possesses two distinct 
potassium transport systems - a high-affinity and a low- 
affinity system. The high-affinity transport system 
exhibits typical Michaelis-Menten kinetics and increases 
both its K max and K m for rubidium when cells are grown 
in medium depleted of potassium (Polley and Doctor 
1985; Malhorta and Glass 1995). The kinetic constants 
reported in this study, however, are meaningful only as 
comparisons between mutant clones and are not neces- 
sarily an accurate measure of the physical properties of 
the potassium transporter. The reasons for this caveat 
are the ability of cells to discriminate between rubidium 
and potassium and the different transport kinetics ob- 
tained with different methods of measuring rubidium 
uptake (see below). Mutant clones, defective for a high- 
affinity potassium transport system were identified by 
their dependence on potassium concentrations higher 
than 0. 1 mM for growth and their altered transport ki- 
netics. Genetic analysis of the mutations indicates that 
three unlinked genes, trkl, trk2 and trk3, are involved in 
high-affinity transport. The phenotypes of the trkl- 1 and 
trk3 mutant alleles are characterized by similar altera- 
tions in both uptake kinetics and growth rates at low 
potassium concentrations. This similarity and the nearly 
identical growth rates of the single mutant clones KDP 5 
and KDP3r and the recombinant clone DP7 {trk2-l 
trk3), support the conclusion that the protein products 
of TRK2-1 and TRK3 interact functionally. By contrast, 



the phenotype of the mutant trkl allele is distinctly 
different from that of the trk2-l and trk3 mutant alleles. 
Cells possessing this allele have a reduced F max for ru- 
bidium uptake, and their growth rate, while lower than 
wild type, is higher than that of either trk2-l or trk3 cells 
at 0.05 mM KC1. Since F max is a measure of both the 
intrinsic rate of transport and the number of trans- 
porters per cell, one possible interpretation of the 
reduced K max in trkl cells is a down-regulation of high- 
affinity potassium transporter synthesis. This reduction 
in K max would be manifested as a hypomorphic pheno- 
type, i.e., cells survive, but grow very slowly in low 
potassium medium, as is the case for the trkl clone. The 
behavior of the recombinant clones DP3 {trkl trk2-l) 
and DP5 {trkl trk3) is consistent with this interpreta- 
tion. Their phenotypes, as measured by gowth rates at 
different potassium concentrations, are nearly identical 
and represent a combination of the phenotypes of the 
trkl and trk2-l, and trkl and trk3 alleles,respectively; 
i.e. there is a "down regulation" of trk2-l and trk3 
growth rates over a range of different potassium 
concentrations. 

The existence in Chlamydomonas of a second, low- 
affinity system operating at external potassium concen- 
trations greater than 1 mM was first inferred from 
transport kinetics by Malhorta and Glass (1995). A 
similar analysis of transport kinetics, but employing a 
different procedure for measuring Rb + uptake (this 
study and Polley and Doctor 1985) failed to show non- 
saturating kinetics characteristic of low-affinity trans- 
port systems. The reasons for this discrepancy are not 
clear; nevertheless, a mutant clone, 10KDP1, possessing 



Table 6 Genetic analysis of 10KDP1 



Phenotype" 


Genotype 


Strain 


High potassium 


trk2-l hkrl 


Parental (10KDP1) 


Low potassium 


TRK2-1 HKR1 


Parental (CC125) 


Intermediate potassium 


trk2-l HKR1 


Recombinant 13 


Low potassium 


TRK2-1 hkrl 


Recombinant 



"Progeny of a cross between 10KDP (trk2-l hkrl actl) and the of tetrads were determined by the ratio of growing to non-growing 

wild-type strain CC125 (TRK2-1 HKR1 ACT1) were analyzed for progeny on media containing different concentrations of po- 

their potassium transport phenotypes, and their genotypes were tassium. PD clones give a 2:2 ratio on both 0.0 IKON and IKON; 

inferred (see text). Tetrad analysis of segregation of trk2-J with NPD = 2:2 on 0.0 IKON and 4:0 on IKON; T = 2:2 on 0.0 IKON and 

respect to act J (linkage group II) and hkrl yielded PD:NPD:T 3:1 on IKON 

distributions of 16:0:5 and 8:5:8, respectively. The different classes This genotype is the same as that of KDP5 
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a phenotype consistent with a defect in a low-affinity 
transport system was isolated from mutagenized trk2-l 
cells. This mutant clone was identified by its dependence 
on potassium concentrations greater than 1 mM for 
growth. The mutant allele that confers this phenotype, 
hkrl, is unlinked to the trk2-l allele, and although hkrl 
has not yet been mapped, it seems unlikely that it is an 
allele of one of the other two TRK genes. Two consid- 
erations support this inference. First, genetic recombi- 
nants harboring two mutant TRK alleles do not exhibit a 
requirement for potassium concentrations greater than 
1 mM in order to grow. By contrast, the hkrl allele in a 
trk2-l genetic background is associated with a require- 
ment for greater than 5 mM potassium in order to 
achieve wild-type growth rates. The hkrl allele must, 
therefore, affect the function or regulation of some other 
transport system. Second - and consistent with the first 
reason, is the observation that TRK2-1 is epistatic to 
hkrl. Cells that are defective for the low-affinity trans- 
port system (HKR) would still be able to grow as long as 
they possessed a functional high-affinity transport sys- 
tem (TRK), and in fact, TRK2-1 hkrl cells grow on 
medium with low concentrations of potassium. 

In summary, mutant clones of C. reinhardtii that are 
defective in potassium transport were isolated and 
characterized genetically. Three genes, TRK1, TRK2 and 
TRK3, affecting high-affinity potassium transport were 
identified. Genetic evidence suggests that the protein 
products of TRK2 and TRK3 interact to form the po- 
tassium transporter, while TRK1 appears to regulate 
their expression or function. A fourth gene, HKR1, 
codes for a low-affinity transport system and the 
phenotype of its mutant allele is expressed in trk2 
background. 
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(1) HKKlcDNA#5a»aa-5»*f -st:****! 
cDNA + £ Assemb.y 2 612 nt « cDNA *fl .M 

1DTH ««»eHKJ?l»cDNA*5a.**BiB»64ff^«»B'.3'.UTR* 643 nt. fi» 331-617® 

B 2 i KRAB( Kruppel-assoctated box)*®. HKR1 tt* 19 1 W .2.E«* 1= + U±« 2FP 

»**? IW.2-.3.3 KS.^^K - "^^^^^®^^^'^" ^^^^^^^^^^^^ 

fi: 3.03 ; 2.40). 

(AIKM 5>.Cft HKR1 ««AttMmKfEHM. 

«**««»+»««**. «a*«»«ff*»»*.ie*«^^ 
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Expression Analysis of Zinc Finger 
Protein HKR1 in Neuroglioma 

XI A Fang 1 ,QI Zhen-yu 2 t DAI Jian-liang 1 ,GU Shao-hua 1 , 
MA Liang-xiao 1 , XIE Yi 1 ,MA0 Yu-min l 

{^Institute of Genetics, School of Li fe Sciences . Fudan University, Shanghai 200433, China ; 
2. Suzhou Medical College, Jiangsu Suzhou , 215007, China) 

Abstract: The cDNA of HKR 1 ( Human kruppel- related gene l)has been cloned from a human fetal brain cDNA li- 
brary with 2 612 nt. It is indicated that HKRl contains 10 highly conserved QHj-type zinc finger motifs at the Oter- 
minusand 2 KRAB ( Kruppel- associated box)dornains at the N-terminus. It has been found that the expression of 
HKRl is higher in neuroglioma than those in normal brain tissue with cDNA microarray and in situ hybridyzation . 
The results suggest HKRl might be a putative cancer- associated gene. 
Keywords: zinc Knger protein; neuroglioma ; microarray 
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